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ABSTRACT 
Some typical applications where scuffing may occur are gear teeth, piston rings and 
cylinder pairs, cams and followers, splines, sleeve bearings, and parts of swash and wobble plate 
compressors. Unlike other tribology-related failures, scuffing occurs very fast, without any 
warning, and usually leads to the complete destruction of the sliding pair. Practical experience 
with steel has helped to outline safe ranges of operation for some components. Very little, 
however, is known about aluminum, which is the second most commonly used engineering metal. 
The aim of this study is to obtain a better understanding scuffing and seizure of aluminum/steel 
contacts. 
The research includes an experimental study of scuffing of aluminum/steel contacts under 
dry sliding conditions, a study of the physics of the scuffing process, evaluation of various 
hypotheses for scuffmg, and modeling of scuffing. 
The experiments are conducted in a custom-designed tribometer, which provides accurate 
control of the environmental conditions. Special instrumentation, experimental procedures and 
software are developed as a part of the experimental program. These provide a reliable 
reproduction and identification of scuffing under laboratory conditions. The scuffing 
characteristics of five materials are obtained in air and refrigerant (R134a) environments. The 
effects of load, sliding velocity, mechanical strength, environmental temperature, specimen 
geometry, time, loading history, and type of environment are evaluated. 
The mechanisms leading to scuffing are studied by examination of surfaces, subsurfaces 
and wear debris of specimens in the process of scuffing. Quantitative measurements of subsurface 
plastic strain are also obtained. 
The theoretical part of the study includes the development of a finite element model for the 
contact of runned-in rough surfaces and several other models for subsurface stresses, 
temperatures, and strains. These models provide information about the local conditions in the 
subsurface 
Based on the experimental observations and the scuffing models a new hypothesis for 
scuffing is proposed. According to this hypothesis, scuffing involves initiation of cracks due to 
subsurface plastic deformation, propagation of these cracks leading to the removal of the existing 
protective surface layers, and fmally cold welding due to adhesion between bare metal surfaces. 
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CHAPTER 1 
INTRODUCTION 
1.1 Definitions for Seizure and Scuffing 
The study of a physical phenomenon should start with its proper definition. There is little 
agreement in the literature on what seizure or scuffing is, what causes it, or what its appearance is. 
This has resulted in a significant confusion because various researchers have lumped very different 
physical processes into the general heading of seizure or scuffing. Scuffing is described as a 
failure of lubricant films [1-3], desorption of active chemical species [4], destruction of oxides [5], 
large plastic deformation of the surface [6-9], unstable growth of contact junctions [l0-13], 
accumulation of wear debris [14, 15] and bulk subsurface failure [16]. This is the reason why 
numerous definitions of scuffing and seizure have been proposed. It seems that there is agreement 
on only one characteristic feature of the scuffing process. This is the formation of macroscopically 
large areas of metal unprotected by surface films. The contact of these areas with the counterface 
material results in the formation of cold welds (Fig. 1.1) which may lead to the complete stopping 
of relative motion. This aspect of the scuffing process has led to the formulation of the most 
widely used definitions for seizure and scuffing. They are given by the Organization for Economic 
Cooperation and Development (OECD) [17]: 
Seizure 
Scuffing 
The stopping of relative motion as the result of interfacial friction. 
Localized damage caused by the occurrence of solid-phase welding between 
sliding surfaces without local surface melting. 
In the definition for seizure, the stopping of relative motion is obviously dependent upon 
the power capabilities of the prime mover and cannot be used as a universal criterion. What the 
defmition does require is an increase in the friction force. This increase can be caused by: 
a. An increase in the normal load while the coefficient of friction remains constant. 
The increase of the normal load may be caused by thermo-mechanical effects. The latter are 
often present in systems with geometric constraints, such as journal bearings. The thermo-
mechanical seizures are very strongly system-dependent and their prevention in practice can benefit 
little from a fundamental study of films formation and destruction. The most effective way to 
avoid these seizures is by a better design based on a careful thermal and mechanical analysis of the 
system. 
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Fig. 1.1 - Typical scuffing failure of a two pins-on-disk area contact 
Material of the disk: 1018 steel, Material of the pins: 390-T6 AI 
The numbers in the photograph denote: (1) Virgin surface of the disk 
(2) Top surfaces of the pins, (3) Large transfer particle, and (4) Wear scar 
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b. An increase in the coefficient of friction under constant nonnalload. 
The seizures of this type are less system-dependent and can be expected to follow more 
general laws. They may be caused by fonnation of cold welds. These are the seizures of interest 
in the present study. They are characteristic of systems with no geometric constraints. 
c. An increase in both nonnalload and friction coefficient. 
The definition of scuffing requires the fonnation of welds between the sliding surfaces. As 
Ludema [9] points out, this definition is appropriate only for the final stage of the process, when 
macroscopically large areas of bare metal are generated and a strong adhesion between the sliding 
surfaces exists. The experimental data reported in the literature and the data obtained in the present 
study suggest that the scuffing process is far more complicated and can go through several stages 
and transitions. These have rarely been recognized as a part of the scuffing process. 
Another problem of the above definition is that fonnation of cold welds occurs practically 
always when two metals are in contact, either moving, or stationary. The existence of 
microscopically small areas (known as A-spots) over which metal adhesion (cold welding) occurs 
is the reason for the ability of metals to conduct electric current through their surfaces, which are 
normally covered by oxides and other films [18]. Although other mechanisms for current 
conduction such as tunneling can also contribute to the electric conductivity, the major part is due 
to the contact of bare metal surfaces [18,19]. These areas are usually very small and can constitute 
only few parts per million of the real area of contact [19]. Another proof for the existence of 
microscopic cold welding is the mutual material transfer between bodies in sliding contact. Maps 
of chemical elements found on the surfaces of metals in sliding contacts have proven that traces of 
the counterface material are always detected [20-22]. The conclusion is that scuffing is not about 
whether cold welding occurs or not, but it is about the scale of this phenomenon. Clearly, there is 
a transition in the behavior of the materials which leads to an unstable growth of the microscopic 
A-spots to areas which may encompass the whole load-bearing surface. Based on this argument, 
it is necessary to add a transition condition in the definition for scuffing. 
The two transitions which have been most widely used are the transitions in friction and 
wear. A sharp increase in friction is almost invariably observed at scuffing. This is the reason 
why the coefficient of friction is the most widely used indicator of scuffing in laboratory 
conditions. However, a transition in friction does not always indicate the fonnation of 
macroscopic cold welds. Other physical processe$ may also lead to a change in friction. A large 
increase in friction is often observed during the transition from a hydrodynamic or elasto-
hydrodynamic lubrication, in which the surfaces are completely separated by a lubricant film, to a 
boundary lubrication, in which there is extensive contact between the surfaces. Similarly, 
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transitions in wear may be caused by a change in the dominant wear mechanism. As with the 
friction coefficient this change may not be associated with the formation of large-scale cold welds. 
In fact, most of the ambiguities in the literature have been caused by using these transitions as 
sufficient indicators for scuffing. 
An alternative definition, given by Ludema [23], characterizes scuffing as "a roughening of 
surfaces by plastic flow whether or not there is material loss or transfer". However, the most 
important function of a definition is to distinguish with the least possible ambiguity between 
scuffing and no-scuffing conditions. The latter is not very helpful in that respect, because it lacks 
an appropriate reference. In addition, similar to friction and wear, transitions in surface roughness 
may not necessarily be caused by scuffing. 
Transitions in the regime of lubrication (hydrodynamic or elasto-hydrodynamic to 
boundary) have often been described as scuffing [1-3]. It is obvious that a definition based on 
these criteria cannot be applied to dry sliding conditions. In addition, there are numerous examples 
of contacts capable of taking far higher loads, after such a transition has occurred. Therefore, 
these transitions represent only a necessary condition which makes their usefulness questionable. 
It seems that the defmition of the OECD is still the most convenient to use. Therefore, it 
was the definition used in this study. However, the scuffing condition was identified by several of 
the manifestations of this process, which are discussed in more detail in Section 1.2 below. 
1.2 Phenomenological Manifestations of Scuffing 
Scuffing can have various manifestations. In practice, the first obvious signs of scuffmg 
are the increased noise and vibrations, followed by a progressive increase in the operating 
temperature. In the worst case scenario this leads to seizure - the complete stopping of motion. In 
a laboratory environment, scuffing can be detected by sharp transitions in various parameters. 
These are: 
a. Transition (sudden increase) of the coefficient of friction. 
b. Transition in the wear rate. 
This transition is an indication of a change in the dominant wear mechanism. A nonlinear 
accumulation of wear is also often observed. This is very different from the "normal" wear 
mechanisms which lead to a stable and predictable material removal, usually described by a linear 
dependence on time. This non linearity indicates an unstable condition at the interface. 
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c. Sharp increase in surface and subsurface temperatures. 
The increase in temperature is due to the higher coefficient of friction. The increased 
temperature may also cause large thermal expansion, thermo-mechanical loading, and thermal 
stresses. These in turn, may further deteriorate the conditions at the interface. This positive 
feedback can easily become unstable and lead to seizure. 
d. Destruction of solid surface films. 
The destruction of surface films is a very important feature of scuffing. In fact, it is the 
cause for scuffing. A run-time indicator for this process is the electric contact resistance. Scuffing 
is detectable by orders of magnitude drop in electric contact resistance. 
e. Roughening of the surface. 
The roughening of the surface is caused by the change in the wear mechanism. Large 
amount of plastic deformation is also associated with the surface roughening. Very large wear 
particles are also typical. 
f. Gross material transfer. 
Large amount of material transfer is observed. This is due to the strong adhesive bonds 
formed between bare metal surfaces, and facilitated by a weakening of the bulk material by various 
damage accumulation mechanisms, most notably formation of voids and cracks. Generally, the 
transfer is from the weaker to the stronger material. 
g. Increased noise and vibrations. 
This is caused by the increased surface roughness and by the presence of large transfer 
particles. 
None of these features can be used solely as a reliable indicator of scuffing. As stated 
earlier, transitions in friction and wear may not necessarily be caused by scuffing. They can be 
due to changes in the regime of lubrication (if a lubricant is present), or changes in the wear mode 
(from corrosive to delamination for example). Large drops in the electric contact resistance can 
occur during transitions in the lubrication regime. Material transfer occurs continuously under 
boundary lubricated conditions and the distinction between micro and macro transfer is not clear. 
The most reliable proof that scuffing has occurred is the careful examination of the surface after the 
test. Unfortunately, this cannot be used for real-time monitoring and identification of scuff 
initiation. Typically, all the above manifestations are present at scuffing. There are, however, 
cases in which some of these may not be readily observed. Therefore, only the combined use of 
all of the above features can identify this process with the required degree of confidence. 
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1.3 Factors Affecting the Scuffing Process 
Besides contact load, sliding velocity, environmental temperature, and loading history, 
which have always been recognized as important factors affecting scuffing, this process is strongly 
affected by additional factors which often make the study of scuffing very complex. These factors 
are: 
a. Geometry of contact. 
The geometry of contact often determines the lubrication regime. In addition it plays a 
major role in the distribution of local surface and subsurface contact stresses. The geometry of 
contact is also important for the ability of the contact to generate and dissipate thermal energy. 
b. Surface roughness. 
Together with the geometry of contact it determines the magnitudes of the real area of 
contact, the local contact pressures and temperatures. Surface roughness plays a major role in the 
establishment of hydrodynamic or elastohydrodynamic lubrication. It is also possible that it plays 
a role in the formation of transformed layers on the contacting surfaces. 
c. Mechanical, thermal and chemical properties of the contacting bodies. 
These factors are of primary importance. The mechanical properties determine whether the 
material can withstand the high local stresses and temperatures. The thermal properties affect the 
ability of the material to dissipate effectively the generated frictional heat. The chemical properties 
determine the ability of the material to react with the environment and to form protective films. 
However, the near surface properties of the bodies may differ significantly from the properties of 
the bulk material. 
d. Chemical properties of the environment. 
The ability of the environment to react with the surfaces of the contacting bodies and to 
form protective ftlms is a major factor in the scuffing process. 
e. Availability as well as the physical and chemical properties of the lubricant and the 
additives. 
The ability of the lubricant and the additives to form protective films on the sliding surfaces 
is often critical. The destruction or thermal degradation of these films if considered by many 
researchers as the primary cause for scuffing. 
f. Accumulation, agglomeration, and compaction of wear debris. 
The role of debris in scuffing is controversial. Fine powder-like debris agglomerate in 
valleys of the surface, facilitating the formation of protective layers. On the other hand, large 
debris or fatigue wear particles may get jammed into the contact in systems with limited clearance. 
This may cause extensive plastic deformation and eventually cold welding. 
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g. Heat dissipation characteristics of the system. 
The ability of the system to dissipate the generated frictional heat determines the bulk 
temperature of the contacting bodies. The temperature affects both the mechanical strength and the 
reactivity of the chemical species. 
1.4 The Practical Importance of Understanding Scuffing 
Some typical applications where seizure or scuffing may occur are gear teeth, piston rings 
and cylinder pairs, cams and followers, splines, sleeve bearings, and parts of swash and wobble 
plate compressors. Unlike other tribology-related failures, scuffing and its most severe 
manifestation, seizure, occur very fast, without any warning, and usually lead to the complete 
destruction of the sliding pair. This is the major reason why a large number of studies have been 
devoted to this phenomenon. However, scuffing is still not completely understood. The reason is 
that most of the studies on scuffing have been phenomenological in nature. Practical experience 
accumulated throughout the years with some widely used engineering materials and lubricants has 
helped to outline safe ranges of operation for some components. This practical knowledge cannot 
be used to predict the performance of the same components if they are made of other materials, or 
if they operate under different conditions. With the development of new materials and lubricants 
and the replacement of some conventional materials by lighter and cheaper substitutes, this problem 
becomes more apparent. Clearly, it is necessary to outline some more general criteria for materials 
selection based on a fundamental understanding of the scuffing process. As Ludema [23] and 
Dyson [24,25] point out, the slow progress in understanding scuffing and seizure is due to the lack 
of adequate analytical models and understanding of the details of protective film formation and 
destruction. 
It is well known that scuffing is strongly dependent on the materials used in the sliding 
pair. Historically, most of the scuffing studies have been concerned with gears, cams and 
followers, and piston ring/cylinder pairs in internal combustion engines [24,25]. Therefore, steel 
is the material which has received most of the attention. Relatively little is known about aluminum, 
which is the second most commonly used engineering metal. This is in spite of the fact that 
aluminum and stainless steel are among the materials which scuff more easily [26]. As aluminum 
alloys become more common in tribological applications [27], the need for a better understanding 
of their scuffing behavior is increasing. The present study is an attempt to obtain a better 
understanding of the events leading to scuffing and seizure of aluminum. 
The aluminum alloys used in tribological applications can be subdivided into two major 
groups [27]. In the first are the aluminum alloys used for bearing applications. The most common 
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use of these alloys is for journal bearings in internal combustion engines. These alloys typically 
contain soft metals, such as tin and lead, as alloying elements [27]. Graphite particle aluminum-
matrix composites are another alternative meant for similar purposes [28]. The other major group 
of aluminum alloys designed for tribological applications are the silicon containing alloys. These 
are primarily designed for wear resistance and strength. Some of these alloys are used as 
replacements for cast iron, which often leads to weight and cost savings [29]. A typical example is 
the use of 390 aluminum instead of ductile cast iron in automotive air conditioning swash-plate 
compressors. A comprehensive review of the tribological behavior of various aluminum alloys is 
given in [27]. 
Scuffing studies on aluminum have been conducted for the first group of alloys [30-32]. 
The major concern of these studies is the optimization of the metallurgical composition, the 
microstructure, and method of fabrication of the alloys. Similarly, most of the studies on the 
silicon-containing alloys have been concerned with the optimal silicon content for wear resistance 
[33-38]. Few of these studies have addressed the scuffing behavior of the aluminum-silicon 
alloys, and the results presented in these papers are primarily phenomenological observations [39-
40]. Since the popUlarity of the silicon-aluminum alloys is growing, there is a need for a better 
understanding of their scuffing behavior. 
1.5 Progress in Understanding Scuffing 
Serious studies on scuffing began approximately sixty years ago. In 1937, Block [41] 
postulated that scuffing occurs when a critical temperature of the surface is reached. His 
conclusions were primarily based on experimental work with gears. This work showed that gears, 
lubricated by straight mineral oils, scuffed when the temperature of the surface became 
approximately 150°C. This finding coincided with a major development in the field of tribology, 
which revealed the important role of adsorbed mono-molecular layers of lubricants in reducing 
friction and wear. It has been known for years that organic polar molecules such as fatty acids and 
alcohols adsorb on metallic surfaces and are not easily removed. Other lubricants such as mineral 
oils also posses this property, although the adsorption is weaker. This has led to the development 
of the adsorption model of lubrication which was frrst introduced by Hardy and Doubleday 
[42,43], and further developed in the classical work of Bowden and Tabor [44]. The effectiveness 
of the adsorbed layer as a lubricant is limited by the surface temperature. At high temperatures this 
layer desorbs or decomposes. It was natural to associate Block's postulate with the temperature of 
desorption of protective layers, which led to the formulation of the first and the best known 
hypothesis for scuffing. This hypothesis states that scuffing occurs when the surface temperature 
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reaches a critical value, at which desorption of the surface films occurs. This hypothesis has been 
evaluated in numerous studies, but the results are controversial [24]. It seems that it works well 
only for concentrated contacts between steel surfaces lubricated by straight mineral oils. 
Extension of the above hypothesis have been proposed to account for the role of films 
which react chemically with metal surfaces [45]. These can be formed by additives or other 
chemically active species, most notably oxygen. The role that oxides and other chemical 
compounds play in the scuffing process is well known. Tests in vacuum have shown that even 
traces of oxygen can considerably increase the scuffing loads [44]. This has led to the hypothesis 
that scuffing is associated with the rate of oxide formation and destruction [5]. Both of these rates 
are viewed as functions of temperature. Thus, this hypothesis is also based on a critical surface 
temperature condition. 
In the 1950's, another major development in the field of tribology was started. This was 
the recognition and understanding of elastohydrodynamic lubrication (EHL). The first notable 
breakthrough in this field occurred in 1949 when Grubin [46] managed to incorporate both the 
elastic deformation of the solids and the viscosity-pressure characteristics of the lubricant in 
analyzing the inlet region of lubricated non-conformal machine elements. Since then, the EHL has 
been an area of intensive research for more than thirty years. Therefore, it is not surprising that the 
EHL approach was used as a tool to study scuffing. Scuffing was explained as a collapse of the 
hydrodynamic and elastohydrodynamic f11.ms, which under normal operating conditions separate 
the sliding surfaces completely [47]. The common understanding is that a system is in danger of 
scuffing whenever the thickness of the fluid film between surfaces becomes less than the average 
height of asperities on the sliding surfaces. When this happens, some asperities come into contact 
with asperities from the counterface which results in high local temperatures. These temperatures 
may lead to reduction of the viscosity of the lubricant, more contact, and further increase in 
temperature. The final result is a total collapse of the lubricant film and severe adhesion. Thus, the 
collapse of the EHL film was explained as a thermally-driven phenomenon. This hypothesis was 
initially proposed in the work of Dyson [47], Tallian et al. [48], and Berthe et al. [49], and was 
developed further to account for the effects of a micro EHL on an asperity level by Cheng et al. 
[50,51] and Houpert et al. [3]. An alternative explanation for the collapse of the EHL was 
proposed by Enthoven and Spikes [15]. They suggested that accumulation of wear debris at the 
inlet of the contact is responsible for lubricant starvation and extensive asperity contact. The 
condition for scuffing is usually expressed in terms of the ratio A, which is defmed as: 
A= hJ(J (1.1) 
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where h is the fluid film thickness and (] is the composite surface roughness of the sliding pair. 
Extensive work suggests that there is some validity to the A criterion, but only in the rare case of 
minimum reactivity between chemically active species in the lubricant and the sliding surfaces [52]. 
Another difficulty of this approach is that, under isothermal conditions, hydrodynamics predicts 
that the lubricant film thickness increases with the sliding velocity. Hence, for the same load, the 
possibility of scuffing should be lower at higher velocities. However, the experimental studies of 
concentrated contacts (most notably the so-called IRG program [53-60]) show that the trend is 
exactly the opposite. Hence, the effect of decreasing film thickness due to high temperature must 
overpower the effect of increasing film thickness due to velocity. The conclusion is that, similar to 
Block's postulate, the EHL hypothesis gives good correlation with the experimental data in some 
cases, but generally scuffing can occur at very different values of A. 
The major problem of the desorption and the hydrodynamic approaches is that the effect of 
the mechanical properties of the contacting surfaces is not taken into account. Both desorption of 
surface films and generation of hydrodynamic films are not functions of the strength or the 
metallurgical composition of the materials. This contradicts the results from numerous 
experimental studies. In an attempt to solve this problem the plasticity index has been proposed as 
a criterion for scuffing by Greenwood and Williamson [6]. The plasticity index is a measure of the 
amount of surface plastic deformation due to the contact between the asperities. It was postulated 
that scuffing will occur at some critical level (2%) of surface plastic deformation, which would lead 
to the destruction of the protective surface layers (thought to be mainly comprised of oxides). The 
parameters included in the estimation of the plasticity index are the hardness of the material, the 
equivalent modulus of elasticity, the composite surface roughness and the average radius of the 
asperities. Some experimental support of the plasticity index approach was provided in the work 
of Hirst and Hollander [7]. The most complete set of experiments for the validation of this 
hypothesis was conducted by Park and Ludema [61] Their results suggest that the correlation 
between scuffing and the plasticity index is weak. Similar to the A-ratio criterion, scuffing 
occurred in a wide range of plasticity index values. In addition, they found that the surface plastic 
deformation at scuffing was much higher than the postulated 2% level. Although the simple 
plasticity index approach does not correlate well with the experimental data, the concept of surface 
plastic deformation as the primary reason for scuffing seems to be valid in some cases. This 
concept was further developed in the work of several researchers [8,52]. 
~ major break-through in the present understanding scuffing came from a recent study of 
the scuffing behavior of aluminum alloys by Somi Redy et al. [16]. Their results suggest that 
scuffing is due to a bulk subsurface failure. Another study by Kim and Ludema [62] correlates 
scuffing to low cycle subsurface fatigue. In general, following the introduction of the delamination 
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theory of wear by Suh and coworkers [63], the attention of many researchers has shifted from the 
surface to the subsurface. It seems that subsurface plastic deformation, bulk temperature, and bulk 
material properties may be more relevant to scuffing failures under dry sliding conditions than are 
the asperity-level interactions and the conditions at the surface. 
The critical temperature, the EHL collapse and the critical surface and/or subsurface plastic 
deformation hypotheses represent the basis of the current understanding of scuffing. These 
hypotheses are based on very different physical processes which makes their generalization in a 
single theory of scuffing very difficult. The only common feature of these hypotheses is the 
destruction of protective films, although each hypothesis deals with ftlms of very different physical 
and chemical nature. In general, it seems that the key to understanding scuffing is the dynamics of 
protective films formation and destruction. In some cases, ftlms of various nature may be present 
at the sliding interface, building several lines of defense of the material against scuffing. 
Destruction of one of these lines of defense does not necessarily lead to scuffing. All of them 
should be removed for scuffing to occur. This view can be expressed in terms of necessary and 
sufficient conditions for scuffing, as suggested by Lee and Cheng [64]. The failure of EHL ftlms 
and the destruction of adsorbed films represent only necessary conditions for scuffing. In the 
present study, it is suggested that the sufficient condition for scuffing is given by a subsurface 
failure due to extensive subsurface plastic deformation and subsurface fatigue. 
1.6 Scope of Research 
The present work is part of a joined study on scuffing by researchers at Northwestern 
University and the University of Illinois at Urbana-Champaign. This study is sponsored by the 
National Science Foundation UICRC program and is primarily focused on fundamental problems 
of scuffing of aluminum/steel contacts. 
The present work is also part of a larger research project which addresses various 
tribological problems arising from the replacement of the currently used refrigerants by ozone-safe 
refrigerants. The project is sponsored by the Air Conditioning and Refrigeration Center (ACRC), 
an industry-university cooperative research center which performs studies on refrigerant and air 
conditioning systems. 
In a series of previous studies [65-70], the tribological behavior of various materials and 
lubricants/refrigerant mixtures was investigated. The refrigerant which was studied in more detail 
was tetrafluoroethane (R134a). Tetrafluoroethane, a replacement for dichlorofluoromethane 
(R12), is primarily used in household refrigerators and mobile air conditioners. R134a is also a 
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major constituent in the refrigerant blends intended for use in household air conditioners. In these 
studies, it was found that the tribological properties of the R1211ubricant mixtures are generally not 
matched by the R134aJlubricant mixtures. The reason is that R12 reacts with metal surfaces to 
form metal fluorides and chlorides which are good solid lubricants. R134a did not seem to 
possess any lubricative properties. This lack of lubricative properties is thought to be one of the 
major reasons for the observed increased scuffing failures in some automotive swash plate 
compressors. The interest in the air conditioning and refrigeration industry for a better 
understanding of these failures was one of the reasons which led to the present study. 
The materials pairs generally used in the refrigerant swash plate compressors are 52100 
steel shoes sliding on a 390-T6 AI plate and Si-Pb brass shoes sliding on a hardened ductile cast 
iron plate. Scuffing problems, however, seem to be more prevalent with the aluminum/steel 
contact. Therefore, the major emphasis of this study was on these contacts. 
The sliding contact in the swash plate compressor is lubricated by a lubricant/refrigerant 
mist. However, on rare occasions at compressor start-ups, the contact may run with very little or 
no lubrication for several seconds. Typically, this is the time when the scuffing failures occur. 
Therefore, understanding scuffing under dry sliding conditions may provide insights for the 
behavior of these machine components. 
The scope of the research is not limited to the practical problem of scuffing in swash plate 
compressors. It is aimed at obtaining a more fundamental understanding of the physics of the 
scuffing process under dry sliding conditions. To this end, limited scuffing data are also obtained 
for steel/steel and brass/steel contacts. The geometry of contact used in the swash plate 
compressors is not suitable for a fundamental study because it is difficult to manufacture and 
instrument. For these reasons, it is replaced by a pin-on-disk contact which provides more 
repeatable experimental results. The 52100 steel is also replaced by 1018 carburized steel due to 
the availability of the 10 18. 
1.7 Objectives of Research 
As stated in Section 1.3, scuffing is a very complex phenomenon. In order to understand 
its fundamentals, it is necessary to simplify the problem and to exclude the effect of some of the 
variables. In this study, scuffing under dry sliding conditions is examined. The effects of the 
lubricant and its possible interactions with the surfaces of the materials and the environment are 
excluded from consideration. It is expected that a better understanding of scuffing under dry 
sliding conditions will provide valuable information for the relative importance of the various 
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factors affecting scuffing in general. The results from the study under dry sliding conditions will 
also serve as a guideline for a more complex study of the general case of scuffing under lubricated 
conditions in the future. 
The present research focuses on two major goals. The first is to obtain a set of 
experimental data for the scuffing behavior of several materials contact pairs. The second goal is to 
study the physics of the scuffing phenomenon, evaluate the existing hypotheses for scuffing and 
explore the possibilities for a theoretical description of scuffing. A more detailed description of 
these objectives is given below: 
a. Objectives of the experimental studies 
(1) Develop an experimental technique and its corresponding instrumentation, enabling 
the reliable identification and characterization of scuffing under laboratory 
conditions. 
(2) Obtain experimental data for scuffing of various aluminum/steel contacts under dry 
sliding conditions in air and refrigerant (R134a) environments. 
(3) Study the effects of the material, temperature, contact geometry, type of 
environment, loading history, and time on scuffing. 
(4) Study the surfaces, subsurfaces and wear debris of failed specimens and specimens 
in the process of scuffing. 
(5) Obtain quantitative data characterizing the subsurfaces of the test specimens. Obtain 
quantitative data for the accumulation of plastic deformation in the subsurfaces. 
b. Objectives of the theoretical studies 
(1) Based on the experimental observations, obtain a better understanding of the 
physical nature of scuffing. 
(2) Model the surface interactions between the specimens under dry sliding conditions. 
Obtain estimates for the local states of stress, strain, and temperature on and below 
the surface. 
(3) Evaluate the existing hypotheses for scuffing in the light of the experimental 
observations and the theoretical moqels. 
(4) Develop a new hypothesis and criterion for scuffing. 
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1.8 Organization of the Thesis 
The thesis is organized in nine chapters. Chapter 1 is the introduction to the problem and 
states the objectives of research. The experimental setup, instrumentation, and test procedures are 
described in Chapter 2. Chapter 3 presents the experimental results for the scuffing of various 
aluminum alloys in air and R134a environments. Limited data are also provided for steel/steel and 
brass/steel contacts. Chapter 4 describes the observations of subsurfaces, surfaces and wear 
debris. It also gives the method and the results from the quantitative measurements of subsurface 
plastic deformation. A finite element model for the contact of runned-in surfaces is developed in 
Chapter 5. The model gives estimates for the magnitude and the distribution of local surface 
pressures and areas of contact. Models for the state of stress, temperature and strain in the 
subsurface are discussed in Chapter 6. The existing hypotheses for scuffing are evaluated in 
Chapter 7. A new hypothesis for scuffing and its corresponding criterion are given in Chapter 8. 
The conclusions of this study and recommendations for future research are given in Chapter 9. 
The results obtained in each chapter are summarized at the end of the chapters. Contributions to 
the present state of knowledge in the field of scuffing due to original work conducted in this study 
are also summarized at the end of the chapters. 
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CHAPTER 2 
EXPERIMENTAL SETUP 
Scuffing is affected by numerous factors and can have various manifestations. A 
successful experimental study of scuffing must provide both accurate control of these factors and 
reliable means to identify the scuffing condition. In this study, the first of these tasks is achieved 
by conducting the tests in a specially designed high pressure tribometer (HPT) and by choosing 
suitable contact geometry, materials for the specimens, and operating conditions. The second task 
is achieved by the installation of special instrumentation. 
2.1 Tribometer 
As indicated in the previous chapter, the present study is part of a larger program, which 
addresses the tribological behavior of contacts operating in a refrigerant environment. The 
properties of the refrigerants and the properties of the lubricant/refrigerant mixtures are very strong 
functions of the environmental conditions. Therefore, the HPT, which was specifically built for 
the purposes of this research program, was designed with capabilities for accurate environmental 
control. The present study benefits from these capabilities, because scuffing is also a process 
which is strongly dependent on environmental factors. The environmental temperature and the 
type of the environment (air or R134a) are two of the factors, which effects were investigated in 
the present study. 
In the HPT, the relative motion between the specimens is achieved by attaching one of the 
specimens to a rotating spindle, while keeping the other specimen stationary. The motion of the 
spindle can be either simple unidirectional (0-2000 rpm); or oscillatory with a variable amplitude 
(0-180°), frequency of up to 5 Hz, and a sinusoidal or a triangular wave form. The contact load on 
the specimen can be constant or oscillatory with the same frequency and wave characteristics of the 
spindle motion. It can be set to any value between 45 and 4450 N. For the purposes of this study, 
the HPT was equipped with a computer control of the axial load and the angular velocity of the 
spindle. The computer control is achieved through control boards and a set of solid-state relays. 
The corresponding software which was also developed as a part of this study allows for 
complicated loading and sliding velocity histories. 
The major advantage of the HPT is that the test is conducted in a sealed chamber (Fig. 2.1). 
The pressure in the chamber can be set to values up to 1.72 MPa. The chamber is first purged to a 
vacuum of 0.1 Torr, after which the desired gaseous environment is introduced. 
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Fig. 2.1 - Schematic of the pressure chamber of the HPT 
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The environmental temperature in the chamber of the HPT can be raised to 120°C by 
cartridge heaters. The desired temperature of the contact is obtained by pumping heat transfer fluid 
through the spindle. The temperature of the fluid is controlled within a 0.1 °C accuracy by an 
external unit which is capable of maintaining constant temperatures from -10 to 130°C. The HPT 
is also outfitted with apparatus for purging, charging, sampling, and real time data acquisition and 
display of test data. A more detailed description of HPT's capabilities is provided in [65]. 
2.2 Geometry of Contact 
A two pins-on-disk area contact was used in this study. A schematic of the geometry of 
contact is given in Fig. 2.2. 
Spindle 
Lower 
Specimen~ __ -y; 
Pin 
Miniature 
Gimbal Insulation Pivot 
Fig. 2.2 - Two pins-on-disk geometry of contact 
The reasons for the choice of this geometry of contact are: 
a. This geometry is more easily instrumented. 
Upper Specimen 
Disc 
(Rotating) 
Lower 
Specimen Pin 
(Stationary) 
Wires for Contact 
Resistance 
Measurements 
b. There are no geometric constraints. The thermal expansion of the specimens and other 
parts of the test rig does not increase the load on the specimens. 
17 
c. The geometry of contact does not change with time. As the pins and the disk wear out 
the apparent area of contact remains the same. 
d. The effect of debris accumulation can be excluded from the experiment. Since the disk is 
the upper specimen, most of the wear debris fall at the base of the pins. 
e. Even load distribution due to the self-alignment of the pins/disk interface. 
To cover a larger range of contact loads and sliding velocities, two sizes of pins and two 
sizes of disks were used. For the same purpose, the specimen holders were designed to provide 
three sliding radii. Data for the various geometries of contact are provided in Table 2.1. 
Table 2.1 - Data for the various configurations of the geometry of contact 
Designation R12.7 R35.0 R44.5 
Sliding radius 12.7 mm 35.0mm 44.5 mm 
Pin diameter 6.35 mm 6.35 mm 3.175 mm 
Disk diameter 63.5 mm 63.5mm 95.25mm 
Area of contact 63.3 mm2 63.3 mm2 15.8 mm2 
Max. sliding velocity 2.66 mls 7.34 mls 9.35 mls 
Max. frictional force t 1200N 400N 300N 
Max. contact pressure:\: 57MPa 20.5 MPa 63MPa 
tBased on torque limitation of the test rig; :\:Based on axial load limitation of the test rig 
2.3 Materials for the Tests 
In all experiments the disk was made of 1018 carburized steel with an average hardness of 
62 HRC and average surface roughness of 0.1 ~m Ra. Five materials were used for the pins. The 
majority of the tests were conducted with 390-T6 aluminum (72 HRB), which in a previous study 
showed the best wear resistance of all aluminum alloys tested [70]. Commercially pure aluminum 
-1100 (28 HRB), and a Bi-containing aluminum alloy DHT-3 (46 HRB) were also tested. In 
addition, limited number of tests were conducted with 1018 steel (70 HRB) and Si-Pb brass (80 
HRB). Data for the chemical composition of the aluminum alloys tested are provided in Table 2.2. 
Data for the Si-Pb brass are given in Table 2.3. Under the conditions of this study, the initial 
surface roughness of the pins is not an important parameter. The wear of the pins is relatively high 
and the initial surface features are destroyed within seconds after the initiation of the test. 
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Table 2.2 - Chemical composition of the aluminum alloys tested 
Alloy Alloying elements, % by weight 
AI Si Fe Cu Mn Mg Zn Bi n 
390 = 76.0 16-18.5 1.0 3.0-4.0 0.5 0.4-1.0 1.0 - 0.25 
1100 99.0 < 0.9 0.05-0.2 0.05 - 0.1 - -
DHT-3 = 83.0 6.5-12 0.2 2.0-5.0 0.15 - 0.15 3.0 0.2 
Table 2.3 - Chemical composition of the Si-Pb brass specimens 
Element Cu Zn Mg Si Pb AI Fe 
% by weight 61.5-63.0 30.5-36.0 1.5-3.5 0.5-1.5 0.4-0.8 0.5 max. 0.4 max. 
Some data for the mechanical properties of 1100 and 390-T6 alloys are provided in the 
literature [27]. However, there are limited data for their shear strength at various temperatures and 
loading rates, a property relevant to this study. To obtain these data, the two alloys were tested 
according to the ASTM B 565-94 procedure. Typical load-displacement curves obtained with this 
procedure are given in Fig. 2.3. From the figure, it is evident that the failure mode for 390-T6 AI 
changes from brittle to ductile at about 250°C. 
Figure 2.3 is used to obtain the shear strength of the two alloys as a function of 
temperature. These data are given in Fig. 2.4. From the figure it is evident that in the whole 
temperature range the 390-T6 alloy is approximately twice stronger than the 1100 alloy. The curve 
for the DHT-3 alloy is an estimation based on its room temperature hardness. The rationale behind 
such an estimation is that the relative decrease in strength with temperature for both the 1100 and 
390-T6 alloys is about the same. This is illustrated in Fig. 2.5, where the data of Fig. 2.4 are 
represented in a non-dimensional form. The shear strength of both alloys increases with the shear 
displacement rate. These results are summarized in Table 2.4. 
Shear Rate 
T= 150°C 
T=250°C 
T=350°C 
Table 2.4 - Shear Strength (MPa) of 390-T6 and 1100 AI 
at various shear displacement rates and temperatures 
390-T6 AI 1100 AI 
0.001 mmls 0.05 mmls 5.0 mmls 0.001 mmls 0.05 mmls 
154 170 171: 72.5 78.9 
88.6 123 160 38.4 56.8 
34.4 52.7 81.3 -- 20.7 
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Fig. 2.3 - Typical load-displacement curves for (a) 390-T6 AI and (b) 1100 AI 
Shear displacement rate = 0.05 mmls. 
Note the change from brittle to ductile failure for the 390-T6 alloy 
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2.4 Test Procedure 
The temperature and the sliding velocity were kept constant for each test. In most tests, the 
load was increased stepwise until scuffing occurred. Each time step was five minutes long. The 
duration of the step was chosen approximately twice the time necessary to reach thermal 
equilibrium at 2 mm under the surface. Constant load tests with an immediate loading and tests 
with longer steps were also conducted. Most of the tests were conducted at 30°C environmental 
temperature. Limited number of tests were conducted at 100°C. The environment for the tests was 
either air or R134a. 
2.5 Instrumentation 
The original instrumentation of the HPT included a real-time output for the axial and 
friction forces, the frictional torque, and the environmental temperature. As a part of the laboratory 
work reported here, the HPT was equipped with a data acquisition and real-time display systems. 
The software for these systems was developed specifically for the purposes of this study. To 
study the scuffing process, it is necessary to reproduce it and identify it reliably under laboratory 
conditions. This required the installation of special instrumentation. The scuffing condition is 
identified by transitions in friction, contact resistance, wear, and subsurface temperature. The 
instrumentation installed for the purposes of this study is described below: 
a. Real-time wear monitor. 
To monitor the wear continuously during the tests, the HPT was equipped with an L VDT 
position sensor which measures the relative displacements of the specimens during the test. The 
sensitivity of the L VDT is approximately 10 J..lm. The wear rate over several minute-long period of 
time can be determined with significantly higher accuracy by curve fitting. The lowest reliably 
identifiable wear rate is 10.0 nmls. This is demonstrated in Fig. 2.6 showing two sets of position 
measurements corresponding to two consecutive load steps. The large displacement step between 
the two sets of data is due to the elastic response of the test rig. 
The major advantage in real-time wear measurements compared to measurements after the 
test is the ability to observe transitions in wear rate which is indicative of transition in the wear 
mode. This is particularly useful when using complicated load histories or estimating the onset of 
scuffing. 
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Fig. 2.6 - Typical output from the real-time wear monitor 
b. Electric contact resistance measurement. 
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The electric contact resistance between the test specimens is commonly used as an indicator 
for transitions in the regime of lubrication [24,71]. However, its practical usefulness has often 
been limited by the large errors associated with connecting wires and fixtures. The most common 
arrangement of a contact resistance measurement circuit is given in Fig. 2.7a. Due to the low 
sensitivity of this circuit, it can be used only as an indicator for a transition from complete 
separation of the specimens by a lubricant ftlm to a regime where asperity contact occurred. When 
the specimens are completely separated, the resistance is on the order of 106 Q and the measured 
voltage is practically equal to the voltage of the power source. Conversely, when the surfaces are 
in contact, the output voltage becomes practically zero. The only useful information this circuit can 
provide is the percentage of time during which surface interactions occur [72]. In the present 
study, the transition of interest is from boundary lubrication to scuffing. Surface contact occurs all 
the time, which clearly makes the circuit shown in Fig. 2.7a inapplicable. The contact resistance 
under boundary lubricated conditions is typically of subohmic value, often dropping to 10-6 Q at 
scuffing. The measurement of such small resistances is not a trivial problem and requires the 
development of a special circuit, methods for noise suppression, and data processing software. A 
four-terminal circuit, schematically shown in Fig. 2.7b, was developed for this purpose. 
23 
Rl 
Rc 
R2 
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Rv Rv 
t1v 
(a) (b) 
Fig. 2.7 - DC circuits for contact resistance measurements 
(a) Two-terminal and (b) Four-terminal 
Ro 
In the figure, Rc is the measured contact resistance, RI, R2, R3, and R4 are the resistances 
of the contacting wires, brushes and fixtures, Rv is the resistance of the voltmeter, and Ro is a 
calibrated current-limiting resistance. The currents flowing through different parts of the circuits 
are denoted as la, lv, and Ie. In both circuits the unknown contact resistance is assumed equal to 
the ratio of the readings of the voltmeter and the ammeter: 
(2.1) 
The actual contact resistance for the two-terminal circuit is: 
(2.2) 
Comparing equations (2.1) and (2.2), it is evident that there are two sources of error for the two-
terminal circuit. The first is due to the assumption that la - Iv == la, and the second is due to the 
assumption that [(lvRv)l(Ia - Iv)]» (RI + R2). The first assumption does not lead to any 
significant errors because Rv » (Rc + RI + R2) and consequently la »Iv. The second 
assumption, however, introduces error on the order of the resistance RI + R2, which in a typical 
application is 10-3 n. This limits the sensitivity to an order of 10-2 n, which is insufficient for a 
scuffing study. 
The actual contact resistance for the four-terminal circuit is given as: 
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(2.3) 
In this case, the error introduced by the resistance of the wires and fixtures (R3 + R4 ) is multiplied 
by the factor [Iv/(Ia - Iv)], which is a very small number, often on the order of 10-9• Hence, the 
four-tenninal circuit provides a much higher accuracy. 
The very high sensitivity of the four-tenninal circuit makes it susceptible to various noises. 
The electromagnetic fields of motors and instruments induce voltages which can sometimes be 
comparable to the voltage of the signal. In addition, temperature rise at the contact introduces 
Seebeck thermocouple voltages which can also be significant. In fact, the contact resistance 
measurement circuit, if properly calibrated, can provide infonnation about the temperature at the 
contact. To eliminate these errors, the DC power source is continuously turned on and off by a 
computer controlled solid-state relay. The voltage measured when the power source is off is due to 
noise. The voltage measured when the power source is on is due both to noise and contact 
resistance. The difference of these two voltages is the true signal. In the circuit used in this study, 
this subtraction is conducted by the software. A schematic of the actual circuit used for the contact 
resistance measurements in this study is given in Fig. 2.8. The measurement range of this circuit 
is 10-6-10+4 Q. A large drop in the contact resistance. is often a more sensitive indicator for 
scuffing than the coefficient of friction. 
c. Subsurface temperature measurement. 
The surface temperature is one of the most important tribological quantities. However, its 
direct measurement is difficult. There are two experimental techniques which can be used for this 
purpose. The first requires that one of the bodies be transparent. It utilizes an infrared sensor, 
positioned directly under the transparent specimen [73]. Clearly, this method has limited 
application. The second method utilizes the Seebeck effect. When two dissimilar metals touch 
each other a small voltage can be measured across the contact. This voltage is a function of the 
temperature at the junction. This is the effect utilized in all thennocouples. In a sliding system, the 
junction of interest is the sliding interface itself. Theoretically, with a proper calibration, the actual 
temperature at the interface can be obtained. However, the calibration is practically impossible to 
achieve. This is due to several reasons. These are the oxidation of the surfaces, strain hardening 
of the surface material, poor junction connection, and high thennal gradients. Each of these 
individually can compromise the accuracy of any thermocouple measurement, an effect known as 
decalibration. The combined effect of these factors limits this method to qualitative measurements. 
A more detailed discussion of the decalibration effects is given in [74]. 
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Fig. 2.8 - Schematic of the circuit for electric contact resistance measurements 
Because of the above experimental difficulties, the temperature in the vicinity of the sliding 
interface is often estimated with the aid of thermal models and subsurface temperature 
measurements. The subsurface temperature in this study was measured by a miniature 
thermocouple implanted 2 mm below the surface of the pin. Steady-state thermal gradients were 
obtained by measuring the thermal differences between thermocouples implanted at various depths 
below the surface. The temperature at the surface and at several depths below the surface was 
estimated with a fmite element model. 
2.6Summary 
The experiments in this study are conducted in a specially designed tribometer, which 
allows accurate control of the environmental conditions. An area, two pins-on-disk geometry is 
used to study scuffing. Three combinations of pin sizes and sliding radii are tested. Five materials 
are used for the pins. These are: 1100 AI, 390-T6 AI, DHT-3 AI, 1018 steel, and Si-Pb brass. 
These materials are slid under dry sliding conditions against 1018 carburized steel disks. The 
environment for the tests is either air or R134a. Most of the tests are conducted in air at a constant 
sliding velocity, while the load is increased stepwise. 
The instrumentation used to identify scuffing provides run-time records for the coefficient 
of friction, subsurface temperature, wear, electric contact resistance, and load history. Computer 
control of the test rig and specially developed software provide the desired load and velocity 
sequences. 
2.7 Contributions 
As stated earlier, the experimental data on scuffing reported in the literature is plagued by 
inconsistencies. These are partly due to the difficulties associated with the identification of 
scuffing under laboratory conditions. The contribution of this study in this respect is the 
development of a test setup in which the scuffing condition can be reproduced and identified 
reliably. This includes the development of a proper test procedure and the installation of special 
instrumentation. The major achievements in this respect are: 
a. Simultaneous monitoring of friction, wear, temperature and electric contact resistance. 
Combinations of these parameters have been used in many tribological studies. However, 
their simultaneous monitoring is applied for the first time as a run-time identification of scuffing. 
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b. Installation of a high-accuracy contact resistance measurement circuit 
The four-terminal circuits for contact resistance measurements are fairly common in the 
field of electric measurements. However, a high accuracy circuit is applied for the first time to 
study scuffing. 
c. Development of special software for control of the test rig, data acquisition, and data 
processing. 
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CHAPTER 3 
EXPERIMENTAL RESULTS 
The major difficulty in conducting experimental studies of scuffing is the reliable 
reproduction and identification of the scuffing condition. In this study, scuffing was identified by 
the sharp transitions in friction, contact resistance, wear rate, and temperature, as shown in Fig. 
3.1. Increased vibrations, as the oscillations of the contact pressure at the end of the record 
indicate, are also typical. When this happens, the surface of the pin is often completely destroyed, 
while large amount of material is transferred from the pin to the disk. 
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Fig. 3.1 - Typical test results. (a) Coefficient of friction, (b) Electric contact resistance, (c) Wear, 
(d) Subsurface temperature, and (e) Loading history 
3.1 Effect of the Material 
Scuffing is strongly influenced by the mechanical and chemical properties of the materials 
in contact. A comparison of the scuffing PVs for 390-T6 AI, 1100 AI, DHT -3 AI, and 1018 steel 
is given in Fig. 3.2. From the figure, it is evident that 390-T6 had the best scuffing resistance 
among the aluminum alloys tested. This can be attributed to its higher mechanical strength, as 
shown in Fig. 2.4. The steel had the highest scuffing resistance. For all materials tested, the 
contact pressure at which scuffing occurred decreased with the sliding velocity. For the 390-T6 
and 1100 aluminum alloys, the data points fall closely on lines given by PV = const., where P is 
the contact pressure based on the apparent contact area and V is the sliding velocity. For these two 
materials, the subsurface temperature just before scuffmg was approximately constant along the PV 
curve and was close to 240°C for the 390-T6 AI and close to 150°C for 1100 AI. The data points 
for DHT -3 Al and steel deviate from the PV = const relationship and are better described by a 
power law PVn = const with n > 1.0. For these materials, the temperature just before scuffing 
was not constant and increased with the sliding velocity. The curve fit parameters, for the curves 
shown in Fig. 3.1, are summarized in Table 3.1. From the table, it is seen that the scuffing of 
steel deviates the most from the PV = const behavior. Its scuffing is also characterized by the 
largest temperature differences: 302°C at 0.33 mls and 460°C at 2.66 mls. 
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Fig. 3.2 - Scuffing results for 390-T6 AI, 1100 AI, DHT-3 AI and 1018 steel 
To = 30°C, Geometry: RI2.7, Environment: air, Loading: stepwise with 5 minute-long steps 
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Table 3.1 - Parameters for a power law curve fit 
Equation pV"=c 
Material Coefficient. C Power factor, n Correlation Coeff., rc 
390-T6Al 8.85 0.85 0.99 
l100Al 4.10 1.01 0.98 
DHT-3Al 5.85 1.28 0.91 
1018 Steel 13.1 1.52 0.95 
3.2 Effect of the Environmental Temperature for 390-T6 Al 
The 390-T6 aluminum alloy was tested at environmental temperatures of 30°C and 100°C. 
The results from these tests are given in Fig. 3.3. When the environmental temperature is 
increased, scuffing occurs at a much lower PV. The shape of the curve, however, remains the 
same and the effect of increased temperature is to shift the curve downward. 
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Fig. 3.3 - Effect of the environmental temperature on scuffing of 390-T6 Al alloy 
Geometry: RI2.7, Environment: air, Loading: stepwise with 5 minute-long steps 
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3.3 Size Effects for 390-T6 AI 
The size of the specimens affects the scuffmg PV. These results are shown in Fig. 3.4. In 
the figure, the data points for the smaller pins lie much higher than the data points for the larger 
pins. The shape of the PV curve is the same for both pin sizes, following closely the PV = const 
relationship. The temperature at scuffing for both pin sizes is approximately constant and equal to 
240°C for the larger pins and 180°C for the smaller pins. The sliding radius does not seem to affect 
the scuffing PV. All the data points obtained with the ~6.35 mm pins can be fit with a single PV = 
const curve. 
The size effects are in essence temperature effects. At the same PV, the contact between the 
smaller pins and the steel disk generates four times less heat than it is generated with the larger 
pins. The thermal dissipation characteristics of the specimen holders are also slightly different As 
a result, the smaller pins run cooler and are capable to withstand almost double the PV of the larger 
pins. These results indicate that scuffing is strongly system-dependent 
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3.4 Time and Loading History Effects for 390-T6 AI 
Scuffing is a time-dependent phenomenon. Higher PVs shorten the time to scuffing, as 
shown in Fig. 3.5. This figure also suggests that scuffing does not occur within reasonably long 
test duration if the PV is below some critical value. 
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Fig. 3.5 - Time effects on scuffing for 390-T6 AI alloy 
V = 0.66 mis, To = 30°C, Geometry: RI2.7, Environment: air 
The whole previous loading history may influence the conditions at which scuffing occurs. 
By changing the magnitude and the duration of the load steps, a whole family of curves can be 
constructed for a given temperature. Curves obtained with 5 minute-long and 30 minute-long 
steps, as well as a curve representing single step immediate loading are shown in Fig. 3.6. The 
two curves obtained with stepwise loading are very close to each other. Longer steps seem to be 
slightly more detrimental than short steps. The lowest scuffing PVs are obtained with the 
immediate loading, being only about 60% of the PV obtained from the stepwise loading with 5 
minute-long steps. This result is the rationale behind running-in of machine components. The 
dependence on time and load history strongly suggests that a process of gradual accumulation of 
damage is responsible for scuffing in this alloy. Damage accumulation also can explain why the 
longer steps were more detrimental than the short steps. 
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To = 30°C, Geometry: R12.7, Environment: air 
3.5 Effect of the Environment for 390-T6 AI 
As indicated in Chapter 1, the present study is part of a larger program for tribological 
evaluation of contacts operating under refrigerant environment. Tetrafluoroethane (R134a) is 
probably the most widely used ozone-safe refrigerant. This is the reason why it was chosen as one 
of the environments used in this study. Results from tests conducted in air and R134a 
environments are shown in Fig. 3.7. At higher loads and lower sliding velocities (V < 1.0 mls), 
the data obtained in R134a follow closely the PV curve obtained in air. On the other hand, at 
higher velocities (V> 2.0 mls), scuffing in R134a occurs at significantly higher PVs than in air. 
The region in between is characterized by a large scatter of data, with some data points following 
the curve in air and some lying much higher. These results suggest that a transition in scuffing 
behavior occurs in this velocity region, which is demonstrated by the curve drawn through the 
average values of the data obtained in R134a. 
The appearance of the surfaces of the pins and disks which failed at higher PVs in R134a 
is very different from the specimens which failed at the lower PVs. These surfaces exhibit typical 
signs of chemical attack and corrosive wear. The chemical compounds found on the surface of the 
pins tested under R134a were identified with an XPS. The analysis revealed that large amounts of 
AIF3 were present on the surface. In addition, a small amount of a fluorocarbon polymer with a 
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chemical structure similar to PTFE was detected. The aluminum fluoride is the result of a thennal 
degradation of the R134a molecule and the generation of free fluorine which attacks the aluminum 
surface. Since R134a and PTFE have very similar chemical structure, the polymer is probably the 
product of R134a polymerization. The generation of AIF3 may promote a corrosive wear 
mechanism which leads to smaller wear particles, smoother sliding surfaces and less damage in the 
subsurface. The PTFE, on the other hand, is a very effective solid lubricant. 
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Fig. 3.7 - Scuffing results for 390-T6 AI tested in air and R134a 
To = 30°C, Geometry: RI2.7, Loading: stepwise with 5 minute long steps 
3.6 Thermal Gradients and Resistances for 390-T6 AI 
Under dry sliding conditions, a significant amount of frictional heat is generated at the 
interface. Some of this heat is dissipated through convection and radiation and some is conducted 
away by the contacting bodies. The frictional heat generates thennal gradients in the specimens. 
The magnitude of the thennal gradients and the heat flow partitioning are important factors 
influencing the thennal and, therefore, the mechanical state of the subsurface material. The far 
subsurface (more than 2 mm away from the surf~ce) thennal gradients and the amount of heat 
flowing through the pin specimens were measured by implanting thennocouples at depths of two 
(T2), four (T4), and six (T6) mm below the surface. For these tests, thennocouples were installed 
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in both pins. The temperature difference between the two thermocouples was measured by a 
differential temperature controller. The results from these measurements are given in Fig. 3.8. 
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Fig. 3.8 - Temperature difference between thermocouples placed at different depths in the pins 
Material: 390-T6 AI, Geometry: RI2.7, V = 0.66 mis, Environment: air 
Contact loads: 111,222, 334, and 445 N, Average coefficient of friction: 0.25 
The results show that the temperature gradient in the far subsurface of the pins is relatively 
small. This is due to the large thermal resistance of the lower specimen holder (Fig. 2.2) which 
includes a gimbal and an insulating pad. The disk has lower thermal resistance and is attached to a 
surface, which is always kept at a constant temperature by a circulating coolant. In addition, the 
heat source on the surface of the disk is moving, while the heat source on the surface of the pin is 
stationary. Because of these factors, most of the heat flows into the disk. 
Based on the measurements shown in Fig. 3.8 and assuming that conduction dominates, it 
is possible to calculate the amount of heat flowing into the pins and to estimate approximately the 
heat partitioning at the interface. The thermal resistance of the pin is given as: 
1Al 
Rr=kAo 
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(3.1) 
I 
I 
I 
I 
where k = 134 W/moK is the thermal conductivity of 390 AI, Al is the distance between the 
implanted thermocouples, andAo = 31.67 mm2 is the cross section area of the ~6.35 mm pin. The 
amount of heat flowing through the pin is: 
AT Qpin = Rt (3.2) 
The results from these calculations are summarized in Tables 3.2 and 3.3. From the tables, it is 
evident that only a small percentage of the heat goes into the pin. This percentage decreases with 
the amount of heat generated. The differences between the values given in the last columns of 
Tables 3.2 and 3.3 are probably due to the fact that convection from the surface of the pins was 
neglected in the analysis. 
Table 3.2 - Heat partitioning at the pin/disk interface based on the T2 - T4 measurement 
V = 0.66 mis, Geometry: RI2.7, Environment: air, Average friction coefficient: 0.25 
Load T2 T2- T4 Qpin = .1T I Rt Q = JlPVAo, Qpin/Q 
N 'C 'C W W % 
111 67 0.7 1.52 9.9 15.4 
222 95 1.0 2.21 18.0 12.3 
334 120 1.5 3.24 25.8 12.6 
445 152 2.0 4.42 33.1 13.3 
Table 3.3 - Heat partitioning at the pin/disk interface based on the T2 - T6 measurement 
V = 0.66 mis, Geometry: R12.7, Environment: air, Average friction coefficient: 0.25 
Load T2 T2- T6 Qpin = .1T I Rt Q = JlPVAo, Qpin/Q 
N 'C 'C W W % 
111 65 1.8 1.95 8.44 23.1 
222 98 2.4 2.62 18.9 13.7 
-
334 125 3.1 3.37 27.7 12.2 
445 157 4.2 4.54 38.2 11.9 
The bulk temperature of the contacting bodies is the sum of the environmental temperature 
and the heat generated by friction. It can be expressed as: 
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T = To + CtJ1AoPV (3.3) 
where the constant Ct characterizes the thermal resistance and the dissipative capabilities of the 
system and has the heat partitioning incorporated in it. The constant C t was determined 
experimentally for both the 06.35 mm and the 03.175 mm pins, as shown in Figs. 3.9 and 3.10. 
From the figure it is seen that the thermal characteristics of the R12.7 and the R44.5 geometries 
were different which explains the observed differences in scuffing PVs as shown in Fig. 3.4. 
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3.7 Wear Rates of the Pin Specimens for 390-T6 Al 
One of the most important characteristics of scuffing is the change in the dominant wear 
mechanism. Typically, several wear mechanisms are simultaneously active before scuffing. For 
the conditions of this study, the major wear mechanisms were corrosive, fatigue, and adhesive 
wear. 
Corrosive wear is always present when a chemical reaction between the surface and the 
environment is possible. Oxide and other reaction films exist on the surfaces of most engineering 
metals. When the surfaces start rubbing against each other, the outermost parts of these films are 
removed by wear. However, due to the generated frictional heat, the reaction rate between the 
surface and the environment is accelerated. In addition, the films become more permeable to the 
molecules of the environment due to cracks and other damage done by the mechanical action. 
Finally, an equilibrium is reached between the rate offllm removal by wear and the ftlm formation 
by the chemical reaction. All the wear debris generated with this kind of wear are reaction 
products. High wear rates will result if the reaction rate is high and the reaction products are easily 
removed from the surface. On the other hand, some reaction products may act as solid lubricants 
which will reduce the wear rate. For the tests conducted in air, the reaction products were mainly 
aluminum and iron oxides. The wear debris generated from both specimens were small sub-
micron sized particles. The wear rate under these conditions was low. This wear mechanism was 
dominant only at relatively low PVs, typically less than 20% of the scuffing PV. In R134a, the 
products from the chemical reaction between the specimens and the environment were fluorides 
and PTFE-like polymers. This caused even lower wear rates, while the corrosive wear regime 
remained the dominant wear mode up to approximately 80% of the scuffing PV. 
Fatigue wear is characterized by the initiation and propagation of subsurface cracks. The 
wear particles generated by this process are flat platelets which are partially surface reaction 
products and partially metallic. For the test conducted in this study, fatigue wear was the dominant 
wear mechanism just before scuffing. 
Another wear mechanism which is present from the onset of sliding is the adhesive wear. 
Deformations of the surface, extrusion from cracks, or removal of parts of the surface by other 
wear mechanisms may generate areas of exposed bare metal. If these areas come into contact with 
the counterface, a strong adhesive junction may result. When this junction is broken, part of the 
junction material may be transferred to the counterface. The continuous formation of adhesive 
junctions enables the flow of electric current through metaVmetal interfaces. Although other 
current conduction mechanisms like tunneling may be operable, the major part of the electrical 
current going through a metaVmetal interface is due to adhesion spots [18,19]. Under the 
conditions of this study, small amounts of material were transferred to the counterface even at the 
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lowest PV's, suggesting the presence of adhesive wear. Under most sliding conditions, the 
adhesive junctions constitute a very small fraction of the whole area of contact, typically on the 
order of one part per million (1 ppm). However, at scuffing, large areas of bare metals can be 
formed and adhesive wear becomes the dominant wear mechanism. This leads to large amounts of 
material transfer, very high friction, and very low electric contact resistance. The wear rate is very 
high causing the destruction of the specimens. 
Due to its importance in identifying scuffing, wear rate was monitored continuously during 
the test. Under all PVs, with the exception of the periods right before scuffing, the wear remained 
approximately linear with time. Both the oxidative and the fatigue wear mechanisms obeyed this 
linear relationship. This relationship, also known as the Archard's law for wear, is expressed as: 
Vo = ~ WS, it=KIJ or K h = H(PVt) (3.4) 
where Vo is the volume worn, S is the distance slid, W is the contact load, it is the linear wear rate 
(m/s), K is a wear coefficient, and H is the hardness of the material. According to the above 
relationship, for the same PV, the wear rate does not change if the ratio of P with respect to V 
changes. That this indeed was the case can be seen from Fig. 3.11. 
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Fig. 3.11 - Wear rates as a function of PV / 6Su 
Geometry: R44.5, Material: 390-T6 AI, Environment: air, To = 30°C 
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Since data about the hardness of the 390-T6 alloy were not available for the test 
temperatures, the PV is normalized by 6Su, where Su is the shear strength of the material obtained 
from Fig. 2.4. From the figure, it is evident that the wear rate increased linearly with PV / 6Su 
which suggests that the wear factor K was constant This trend was typical for all the tests in this 
study. The wear rates for the R12.7 and R35.0 geometries were lower than the wear rates for the 
R44.5 geometry, but they also operated at lower PVs. However, for the same PV, the wear rate 
in R134a environment was significantly lower than the wear rate in air, which suggests a different 
wear mechanism. Various wear rates are compared in Fig. 3.12. 
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Fig. 3.12 - A comparison of various wear rates 
Material: 390-T6 AI, To = 30°C. Note that the V range for the R12.7 and R44.5 is different 
3.8 Wear Rates of the Disk Specimens 
The wear on the disk specimens provides important information about the pressure 
distribution over the contact area. Due to the high hardness of the disks, their wear rates were 
much smaller than the wear rates of the pin specimens .. The wear on the disks was obtained by 
measuring the depth of the wear scars with a stylus surface profiler. Special one-hour-Iong tests, 
conducted at a constant load condition, were used to measure the wear rate. The results from these 
tests are shown in Fig. 3.13. 
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To = 30°C, V= 0.67 mis, Geometry: R12.7, Environment: air, 
Loading history: constant load, Test duration: 1 hour 
The pressure distribution over the contact area is important in defining the conditions for 
scuffing. Scuffing may be initiated preferentially at sites ~ith surface pressure concentration. The 
shape of the wear scar on the disk specimens provides information on whether such sites of higher 
surface pressure form. The depth of the wear scar at such sites will be deeper than the depth 
calculated on the assumption of a uniform pressure distribution P. Assuming that Archard's law 
for wear holds, the factor K/H in Eq. (3.4)can be determined from Fig. 3.13: 
(3.5) 
where R pin is the radius of the pin and Rave is the average sliding radius. Noting that 
(have / P) = tan ¢' the factor K/H can be obtained as;: 
K _ ( Al) 41CRaveR pin 
H - tan 'I' 2Ao Vt or (3.6) 
42 
The wear depth at a particular sliding radius R can be expressed as: 
h = 2 ~ ~~ (PVt) (3.7) 
where Larch is the length of the sliding arch (Fig. 3.14). The factor of two account for the two pins 
in contact The factor (Larcl/2:rcR) reflects the fact that only part of the disk surface is loaded. 
Fig. 3.14 - Geometry for calculating the arch length 
The length of the arch can be expressed as: 
I Center 
of disk 
(3.8) 
Substituting equation (3.8) into (3.7) gives the analytical expression for the worn profile 
based on the uniform pressure assumption: 
(3.9) 
The actual and the calculated profiles are compare~ in Fig. 3.15. From the figure, it is evident that 
the actual contact pressure was fairly uniform when averaged over the duration of the test The 
small deviations of the actual profile from the calculated profile can probably be attributed to the 
fact that Archard's law is only an approximation of the wear process. 
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3.9 Summary of the Experimental Results 
6000 7000 
The experimental results from the tests described in this chapter can be summarized as 
follows: 
a. Scuffing is reliably reproduced and identified under laboratory conditions. This is 
achieved by the use of a specially designed tribometer, choice of suitable test geometry and test 
procedure, and the installation of special instrumentation. 
b. For the tests conducted in air, at a given environmental temperature, specified contact 
geometry and loading history, the contact pressure at scuffing decreases with the sliding velocity. 
For the 1100 and 390-T6 aluminum alloys this relationship can be expressed as PV = const. This 
curve also represents a constant subsurface temperature condition at scuffing. The PV curves for 
steel and DHT-3 aluminum deviate from this hyperbolic relationship. For these materials, the PV 
at scuffmg increases with the sliding velocity. 
c. From the aluminum alloys tested, the 390-T6 aluminum showed the highest scuffing 
resistance. This is also the material with the highest strength. Steel has the highest scuffing 
resistance of all the materials tested. 
d. For 390-T6 AI, the scuffing PV decreases with the environmental temperature. The 
shape of the PV curve, however, remains the same. The effect of increasing the environmental 
temperature is to shift the curve downward in a PV map diagram. 
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e. Scuffing is strongly system-dependent. Changes in the size of the test specimens lead to 
shifting of the scuffing PV curve. 
f. Scuffing is a time-dependent phenomenon. Above a certain critical PV, the time to 
scuffing decreases when the PV is increased. This suggests that scuffing occurs when a critical 
amount of damage is accumulated in the material. 
g. The PVat which scuffing occurs depends on the previous loading history. The sudden 
application of the load is more detrimental than the stepwise loading. This is the rationale behind 
the practice of running-in of machine components. 
h. The test environment affects scuffing. Chemical reactions between the environment and 
the surfaces of the specimens may change the dominant wear mechanism.. The scuffing PVof 
390-T6 aluminum tested under R134a environment deviates significantly from the PV = const 
curve. At low sliding velocities, scuffing occurs at approximately the same PVas in air. At high 
sliding velocities, scuffing occurs at considerably higher PVs than in air. Aluminum fluoride and 
PTFE-like polymers are the products of the reaction between R134a and aluminum. 
i. For the test geometry used, most (80-90%) of the frictional heat generated at the sliding 
interface goes to the disk. This heat partitioning is based on measured bulk temperature gradients. 
j. The wear on both the pin and the disk specimens is approximately linear with load and 
sliding distance (obeyed Archard's law) for the whole range of test conditions. The wear rate in 
R134a environment is lower than the wear rate in air. 
k. The time-average of the contact pressure is approximately uniform over the whole 
apparent area of contact. This conclusion is based on a comparison between calculated and 
measured wear scar profiles on the disk specimens. 
3.10 Contributions 
The present study is not the first investigation of scuffing resistance of aluminum. Results 
for the scuffing behavior of various aluminum alloys, including 1100 and 390 Al have been 
reported in the literature [16,34-40]. However, the major goal of these studies was to optimize the 
metallurgical composition and the method of fabrication of these alloys. Typically the scuffing 
resistance of alloys with varying amount of silicon and/or softer metals are compared to the 
scuffing resistance of pure aluminum. On the other hand, the major emphasis of this study is on 
the effects of the environment and the operating conditions. The present study also provides a 
more complete picture of the effect of various factors on the scuffing of aluminum. Some of these 
effects are investigated for the first time. In addition, data for the wear, bulk temperature, and heat 
partitioning at the interface are obtained. These can be used as an input to models for the 
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mechanical and thermal interactions at the surface, which can provide a better understanding of the 
local conditions at scuffing. A summary of the contributions of this study to the experimental 
database on scuffing of aluminum is given below: 
a. The scuffing behavior of a Bi-containing aluminum alloy is studied for the frrst time. 
The extruded DHT-3 alloy was introduced relatively recently as a possible substitute for the 
cast silicon alloys in various tribological applications. In a previous study [70], the wear resistance 
of this alloy was found to be similar to the wear resistance of 390 AI. It was expected that this 
alloy may also provide similar scuffing resistance. However, the results of this study indicate that 
this is not the case, especially at the high load end of the PV curve. 
b. The effect of the size of the specimens is studied for the first time. 
This set of experiments provides important information for the evaluation of various criteria 
for scuffing. It helps to distinguish between true material properties and system-dependent factors. 
c. The time and loading history effects on scuffing are clearly demonstrated. 
Time and load history effects are known to exist in general. Their strong influence on 
scuffing of aluminum is proven by the quantitative data obtained in this study. These data show 
that time and loading history effects must be included in the hypotheses for scuffmg. 
d. The effect of the refrigerant environment is studied for the frrst time. 
The effect of a chemically active environment other than air contributes to a better 
understanding of scuffing. It shows that large deviations from a PV = const curve can be expected 
in the presence of reaction films. The identification of the reaction films formed under dry sliding 
conditions and R134a environment is also reported for the first time. 
e. A more complete set of data for the scuffing behavior of 390 AI. 
Although, the scuffing resistance of 390 has been investigated, the data presented in the 
literature is not sufficient for the development of theoretical models and hypotheses. With the 
results from this study, a more complete data base is available for developing theoretical models. 
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CHAPTER 4 
EXAMINATION OF SURFACES, SUBSURFACES AND WEAR DEBRIS 
In the tribological community it is fairly common to treat scuffing as a surface-related 
phenomenon. Studies on the failure of lubricant films [1-3], desorption of active chemical species 
[4], formation and destruction of oxides [5], surface roughness [75-79], energy state of the surface 
[45], surface plasticity [6-9], surface temperature [41,80-84] and growth of contact junctions due 
to adhesion [10-13] have shaped most of the research in this area. The reason is that most of these 
studies are mainly concerned with lubricated contacts. Under dry sliding conditions, the surface 
interactions are more severe and their effect can be detected at significant depths below the surface. 
Therefore, the mechanisms leading to scuffing must also be related to processes in the subsurface. 
In addition, there are some indications that subsurface failure is the reason for some scuffing 
failures under starved lubrication conditions [85]. 
In this study, the major emphasis is on the behavior of the subsurface. The discussion 
below covers the structure of the subsurface, quantitative characterization of damage accumulation 
due to sliding, and the sequence of events leading to scuffing. Surfaces of worn specimens and 
wear debris are also examined. 
The surface of the test specimens is studied with an optical microscope, a surface 
profilometer, and an XPS. The subsurfaces are studied by sectioning of specimens tested under 
scuffing and non-scuffing conditions and examining the sections with SEM and AES. Quantitative 
data for the chemical composition and the thickness of the surface layers are obtained. Quantitative 
results for the average plastic deformation at various depths under the surface are also obtained. 
4.1 Structure of the Subsurface 
The subsurfaces of all the materials tested, after being subjected to sliding under dry 
conditions, attained similar features. These subsurfaces can be subdivided into three characteristic 
regions: 
a. A top layer of transformed material. 
The layer is generated by oxidation, plastic deformation, material transfer, mechanical 
alloying and compaction of debris. It has very fine microstructure and hardness several times 
higher than the bulk. The thickness of this layer increases with the PV and, for the conditions of 
this study, was typically in the range of 3-30 Ilm. This is orders of magnitude larger than the 
thickness of the nascent ftlms formed without any mechanical interaction « 5 nm for AI) [86]. 
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The transformed layer prevents bare metal-to-metal contact and severe adhesion at the 
interface. A micrograph of the transformed layer in a 390-T6 aluminum specimen is shown in Fig. 
4.1. The chemical composition of this layer as a function of depth below the surface is given in 
Table 4.1. The chemical analysis was performed with an AES. 
Fig. 4.1 - A layer of transformed material in a 390-T6 Al pin 
The pin is sectioned parallel to the sliding direction, indicated by an arrow 
P = 7 MPa, V = 0.67 mis, To = 30°C, Environment: air 
Table 4.1 - Composition of the transformed layer of a 390-T6 Al specimen 
as a function of depth below the surface. P = 7MPa, V::= 0.67 mis, To = 30°C, Environment: air 
Element Atomic concentration (%) at depth below the surface 
lOJ1,m 30J1,m 50 J1,m 
Aluminum 40.08 50.40 53.92 
Silicon 17.52 18.79 17.21 
Copper 4.73 4.62 4.02 
Oxygen 16.87 12.44 10.58 
14.43 13.10 10.18 
Iron 6.20 6.75 0.0 
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Oxidation is an important mechanism for the formation of the transformed layer. The large 
percentage of oxygen in its composition clearly reveals this. In fact, in a large number of literature 
sources, this is considered the only important mechanism for its formation [5,87,88]. It was 
argued that the rate of formation of such layers can be deduced from the static oxidational rates and 
frictional heating. 
More resent research [22,89] points to another important mechanism - the compaction of 
wear debris and mechanical alloying. Evidence that this mechanism was also active for the 
generation of the layer in Fig. 4.1 can be found in Table 4.1. The large percentage of iron and 
carbon, which is not present in the bulk material, suggests that wear particles from the counterface 
steel disk were mixed into the layer. Since the surface of the disks is carburized, the wear particles 
from the disk probably contained large amount of carbon. The compaction of fine wear particles 
seems to be a necessary condition for the formation of the layer. This can be observed from tests 
conducted with brass specimens. A typical record of the applied load on the brass pin and the 
corresponding displacements, indicating the wear rates, are shown in Fig. 4.2. 
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Fig. 4.2 - Records of the load and the wear for a brass pin specimen 
V = 2.0 mis, To = 30°C, Environment: air 
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Brass is less reactive than aluminum and does not form oxidative wear particles readily. 
This slows down the formation of a transformed layer which leads to high wear rates even at 
relatively low loads. However, if the load is increased further, a transformed layer is finally 
formed. The wear rate decreases and the wear debris, which form under a wide range of loads 
afterwards, are powder-like particles, typical of oxidative wear. These particles were found to be 
magnetic, which indicates that their origin was from the steel disk. The conclusion is that the fine 
wear particles are essential for the formation of the transformed layer. 
The third important mechanism for the formation of the transformed layer, which has often 
been overlooked, is the plastic deformation. Material from one location on the specimen is often 
displaced in the direction of motion by plastic flow, covering other surface features including 
oxides and wear debris. This material may in tum be covered by another layer of plastically 
deformed material coming from another location. In this way, a layered structure develops, which 
includes oxides, wear debris and strain hardened, severely deformed material. An illustration of 
this mechanism is given in Fig. 4.3, which shows the layered subsurface of a brass specimen. 
The transformed layer has a very different microstructure from the bulk material as seen from the 
micrograph given in Fig. 4.4. Within this layer, the presence of various defects is also typical. 
The transformed layer is generated almost immediately after sliding begins. Results from 
measurements of the thickness of the transformed layer as a function of the sliding distance are 
given in Table 4.2. Note that this layer increases in thickness with the sliding distance. These 
results are obtained from sections of pins which slid under the same PV for different periods of 
time. The thickness of the measured transformed layer and the observed amount of plastic 
deformation in the subsurface follow similar trends. In the table the amount of plastic deformation 
is represented by the horizontal displacement in the sliding direction of a point in the subsurface 20 
J..lm below the transformed layer. The measurements of subsurface plastic flow are discussed in 
more detail in Section 4.3 below. 
Table 4.2 - Change in the thickness of the transformed layer as a function of sliding distance 
P = 7.01 MPa, V = 0.67 mis, To = 30°C, Tb = 180°C, Environment: air, Material: 390-T6 AI 
Sliding time, s 30 60 300 600 
Sliding distance, m 20.1 40.2 201 402 
Ave. thickness of the layert , !lm 13 17 25 25 
Ave. subsurface displacement:j:, J..lm 83 89 100 102 
t Average of five measurements, :j: Measured 20 J..lm below the surface 
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Fig. 4.3 -Layered structure of the transformed layer in a Si-Pb brass specimen 
P = 6.4 MPa, V = 2.66 rnls. To = 30°C, Environment: air 
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Fig. 4.4 - Various defects in the transformed layer of 390-T6 AI 
P = 12.0 MPa, V = 0.67 mis, To = 30°C, Environment: air 
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Fig. 4.5 - Plastic defonnation in the subsurface of a 390-T6 aluminum pin 
p:::: 9.8 MPa, V:::: 0.67 mis, To:::: 30°C, Environment: air 
The arrow denotes the direction of sliding 
b. A layer of plastically defonned material. 
As stated earlier, under dry sliding conditions the material can be plastically defonned to a 
significant depth. The layer of plastically deformed material can reach depths of 100-150 !lm 
depending on the PV. Characteristic of this layer is the orientation of all subsurface features in the 
direction of sliding. Other characteristics are the elongation of grains, the fracture of hard particles 
(silicon) and the fonnation of voids. Large plastic flow in the subsurfaces of brass and 390-T6 AI 
is shown in Figs. 4.3 and 4.5, respectively. 
The boundary between the plastically deformed layer and the transfonned layer is not 
always clear. Apart from the compositional changes these two layers can be usually distinguished 
by the angle of orientation of grains and other subsurface features with respect to the surface. 
Subsurface features almost parallel to the sliding direction outline the lower boundary of the 
transfonned layer. 
c. Elastically defonned material. 
The three characteristic layers present in the subsurfaces of the materials tested are 
schematically shown in Fig. 4.6. This figure represents a typical subsurface of a 390-T6 
aluminum pin. 
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Fig. 4.6 - Schematic of the subsurface of the 390-T6 aluminum pins 
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4.2 Subsurfaces and Wear Debris at Various PV's 
Schematics of the subsurfaces of a 390-T6 pin at various PVs is also shown in Fig. 4.6. 
At very low PVs, the mechanism responsible for wear is the detachment of submicron-size, 
powder-like, particles (Fig. 4.7a) from the top of the transformed layer. The particles shown in 
Fig. 4.7a are, in fact, agglomerates of even smaller particles, as seen from Fig. 4.8a. Even at 
magnification of x 100,000 (Fig. 4.8b), the particles seem to be composed of even smaller debris. 
The capability of the particles to agglomerate helps the formation of the transformed layer. At these 
very low PVs there is almost no bulk plastic deformation and the thickness of the transformed 
layer is few microns. 
At higher PVs, cracks propagating within the transformed layer (Figs. 4.1, 4.4, 4.5) 
produce flake-like wear particles (Fig 4.7b). The wear rate under these conditions is higher, but 
the surface is still protected from scuffing. These wear particles reach fractions of a millimeter in 
length. Their thickness can be deduced from micrographs of sectioned specimens showing the 
depth of the craters generated after the removal of such a particle. This depth typically is 3-5 ~. 
Finally, at the scuffing PV, voids may nucleate deep (over 50 Jlm) under the surface and 
grow with time and coalesce in cracks, which propagate parallel to the surface. Cracks formed 
under the surface of 390-T6 AI, DHT-3 AI, and 1018 steel are shown in Figs 4.9-4.11. When the 
cracks finally break to the surface, the whole transformed layer at this location is removed, 
resulting in very large wear particles (Fig. 4.7c,d). The top surface of the wear particle shown in 
Fig. 4.7c is characterized by fine grooves, indicative of "normal" sliding. Conversely, the bottom 
surface of the same wear particle (Fig.4.7d) shows cracks and signs of extensive plastic flow. The 
shear traction between the disk and this wear particle was not very high, because there are no 
obvious signs of adhesion on its top surface. Still the material failed at a significant depth. This 
could happen only because the material at this depth was already weakened by subsurface cracks. 
This wear particle also implies that deep subsurface cracks occur prior to any significant adhesion 
on the surface. The subsurfaces of the specimens shown in Figs. 4.9-4.11 also exhibit large 
amounts of plastic deformation and damage. Damage is accumulated and cracks are formed at 
several depths under the surface (Fig. 4.9) but it seems that there is critical depth where the damage 
accumulates the fastest. In the case of the 390-T6 and the DHT -3 alloys it is clear that the cracks 
originate next to the silicon particles. 
No cracks could be observed in the subsurfaces of 1100 AI and brass specimens. These 
materials are very ductile and do not form cracks readily. However, cracks in the subsurface of 
pure aluminum have been observed by Sarkar and Clarke [90] under conditions similar to this 
study. AIpas et al. [91] have observed cracks in copper. They found that cleavage occurred at the 
transition boundary between the transformed layer and the bulk material. 
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(a) (b) 
(c) (d) 
Fig. 4.7 - Optical micrographs of wear particles from tests conducted in air 
(a) Powder-like wear particles typical of oxidative wear (P = 1.75 MPa, V = 0.67 m/s), 
(b) Flake-like delamination wear particles (P = 7.0 MPa, V = 0.67 m/s), 
(c) Top surface of a large wear particle generated just prior to scuffing (P = 12.0 Mpa, V = 0.67 m/s), 
and (d) Bottom surface of the same wear particle 
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(a) (b) 
Fig. 4.8 - Oxidative wear particles 
(a) Magnification x3 000, and (b) Magnification xlOO 000 
Fig. of 390-T6 
V = 0.67 mis, P = 12.0, = 30°C, Environment: 
arrow on denotes the of ,-,U"'-AHA 
Fig. 4.10 - Fonnation of cracks in the subsurface of DHT -3 AI 
V = 1.0 mis, P = 7.02 MPa, To = 30°C, Environment: air 
The arrow on top indicates the direction of sliding 
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Fig. 4.11 - Formation of cracks in the subsurface 1018 steel 
V = 0.33 mis, P = 26.3, MPa, To = 30°C, Environment: air 
The arrow on top denotes the direction of sliding 
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The thickness of the transformed and the plastically deformed layers increase with the PV. 
These results are shown in Table 4.3. Based on the limite~ data given in table, it can be concluded 
that changing the ratio of P and V while keeping the PV constant does not seem to influence the 
thickness of the layers. The measured bulk temperature for these conditions is also shown. All the 
data in the table are from one hour long tests. 
Table 4.3 - Thickness of the transformed and the plastically deformed layers at various PVs 
Environment: air 
PV(MParnls) 1.18 2.35 3.53 4.70 5.88 5.88 
V (rnls) 0.67 0.67 0.67 0.67 0.67 2.66 
P (MPa) 1.76 3.51 5.27 7.02 8.78 2.19 
Tb (OC) 57 83 110 136 162 165 
Transformed layer (J..Lm) 4-5 13-15 17-20 18-20 25-30 28-30 
Deformed layer (J..Lm) - 80-100 100-125 120-130 150-160 130-150 
4.3 Measurements of Subsurface Plastic Deformation 
Both cracks and voids formation are due to excessive local plastic deformation. In general, 
the extent of damage accumulated in the subsurface can be related to the amount of plastic 
deformation. Therefore, it is important to obtain a quantitative measurements of its magnitude. 
In this study the average plastic deformation in the subsurface was obtained from 
observations of sections of test specimens. Although the subsurface features often indicate the 
direction of plastic flow (Figs. 4.3 ,4.5,4.11), its quantitative measurement is uncertain without a 
reference. To generate such a reference, brass inserts were placed in slots cut on the surfaces of 
the aluminum specimens. The inserts used in this study were 0.35 mm thick, 2 mm high, and 
6.35 mm long. They were press-fitted in the slot$ and additionally bonded with an adhesive to 
prevent any relative slip during the test. After placing the inserts in their slots, the surfaces were 
machined to produce equal height of the insert and the rest of the surface. During the tests the 
inserts were positioned with their long side perpendicular to the direction of motion. The plastic 
61 
deformation occurring during the test bent the inserts in the direction of sliding. After the test the 
specimens were cut parallel to the direction of sliding to reveal the deformation of the 
brass/aluminum interface. The bending of the originally vertical interface was used as an indicator 
of the amount of plastic deformation. A typical section of a specimen from these tests is shown in 
Fig. 4.12. From the figure, it is seen that, in addition to the amount of plastic deformation, 
information about the thickness of the transformed layer can also be obtained. This information 
was already presented in Table 4.2. The method used to measure the displacements of the 
subsurface is shown in Fig. 4.13. The origin of the coordinate system was positioned at the 
interface between the transformed layer and the brass insert. The horizontal axis is parallel to the 
sliding direction and the vertical axis coincides with the original direction of the brass/aluminum 
interface. 
All the tests used to measure subsurface plastic deformation were conducted with 390-T6 
Al pins and R12.7 test geometry. Tests were conducted both in air and R134a environments at an 
environmental temperature of 30°C. These tests had various durations in order to obtain the 
changes of plastic deformation with time. To reduce the scatter of data due to differences in the 
initial surface conformity of the specimens, all the tests included a ten-minute run-in period at 20% 
of the test PV. This did not affect the results. Samples from the run-in period revealed that 
practically no plastic deformation was accumulated during this time. After the run-in period, the 
test PV was applied in a single load/velocity step. The tests with brass inserts were conducted at 
80% of the scuffing PV, obtained from previous testing. Two combinations of P and V were 
used. The sliding velocities for these combinations were 2.66 mls and 0.266 mis, which covers a 
wide range along the PV = const curve. 
The results from the measurements of subsurface plastic deformation are summarized in 
Figs. 4.14-4.17. The horizontal displacement of points at various depths under the surface as a 
function of time is given in Fig. 4.14. Each data point is the average of four measurements. Data 
for test durations of 30 seconds, 1 minute, and 10 minutes are presented. Data were also obtained 
at 5 minutes, but are not shown, because they were virtually identical to the data obtained at 10 
minutes. 
The effect of the sliding velocity at a constant PV is shown in Fig. 4.15. From the figure, 
it is evident that for the tests conducted in air, the amount of plastic deformation is not sensitive to 
variations in P and V along the PV = const curve. This is no longer true in R134a environment, as 
seen from Fig. 4.16. Although, the plastic defo~ation for both sliding velocities is smaller than 
the plastic deformation in air, the higher pressure curve is closer to the curve obtained in air. This 
is one possible explanation of the deviations from the PV = const curve shown in Fig. 3.7. 
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Fig. 4.12 - Measurement of the subsurface plastic deformation with a brass insert 
P = 1.75 MPa, V = 2.67 mis, To = 30°C 
Environment: air, Test duration: 10 min. 
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Fig. 4.13 - Coordinate system for measurement of subsurface plastic deformation 
P = 1.75 MPa, V = 2.66 mfs, To = 30°C 
Environment: air, Test duration: 10 min. 
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Fig. 4.16 - Comparison between the plastic deformation of subsurfaces tested in air and R134a 
PV = 4.66 MPa.mls, To = 30°C, Test duration: 10 min. 
From the horizontal displacements of subsurface points it is possible to calculate the 
equivalent strain. Assuming that these displacements are the direct result of shear deformation 
parallel to the surface, neglecting the contributions from compression and rotation, the equivalent 
strain can be calculated as [91]: 
e= ftane (4.1) 
where e is the angle of the brass/aluminum interface and the normal to the sliding surface. 
Calculated equivalent strains for the displacement results given in Fig. 4.14 are shown in Fig. 
4.17. 
The results from the figure are similar to the data for subsurface strains of an eutectic Al-Si 
alloy, reported by Perrin et al. [92]. The results in Fig. 4.17 also indicate that, initially, most of 
the strain is concentrated closer to the surface. As the sliding proceeds, the strain closer to the 
surface decreases, while the strain further from the surface increases. The depth affected by plastic 
deformation also increases with time. 
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Fig. 4.17 - Equivalent strain in the subsurface as a function of depth and time 
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4.4 Progression of Scuffing 
The progression of scuffing is demonstrated in Fig. 4.18, which shows photographs of the 
surface of a pin tested at a PV which led to scuffing after twenty minutes of sliding. The 
photographs were taken after five (Fig. 4.18a) and ten (Fig. 4.18c) minutes of sliding. In the 
figure, the dark color indicates the presence of surface films, while the light color is characteristic 
of sections of the surface removed by fatigue. This is proven by the surface profile (Fig. 4.18b) of 
the pin shown in Fig 4.18a. It indicates that the light-colored portions of the surface are deep 
valleys. In the second photograph, the parts of the surface removed by fatigue have significantly 
increased. Removal of sections of the load-bearing area increases the severity of loading over the 
remaining area. This process is unstable, self accelerates, and leads to fast removal of the 
protective film from most of the surface of the:pin. The exposed bare metal adheres to the 
counterface and a cold weld is formed (Fig. 4.19). This is the final stage of scuffing. 
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Fig. 4.18 - Progression of the scuffing process which caused scuffing after 20 minutes of sliding 
P == 8.76 MPa, V:::: 0.67 mis, To:::: 30°C, Environment: air. (a) Top surface of the pin after five minutes of sliding, 
(b) Profile of the same surface, and (c) Top surface of the same pin after ten minutes of sliding 
The dark areas are covered by surface films, the light areas are metallic. Note that part of the deep valleys are covered by films 
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Fig. 4.19 - Fonnation of cold welds: (a) Magnification x40 and (b) Magnification x3000 
Geometry: R12.7, p:= 12.3 MPa, V:= 0.67 mis, To:= 30°C, Environment air 
Loading: stepwise with 5 min-long steps 
An important characteristic of this process is that sharp increase in friction and wear is not 
observed until the final stage of scuffing. For both surfaces shown in Fig. 18, the friction was 
below 0.25 at this moment of time. As Ludema [23] has indicated, this is typical for the scuffing 
process which can go through several stages. The more dramatic manifestations of scuffing appear 
only in the final stage with large adhesive wear. From the observations of the surfaces and the 
subsurfaces of the aluminum pins, it can be concluded that the preceding stages are characterized 
by gradual accumulation of plastic deformation, formation of voids and cracks, propagation of 
these cracks in the subsurface, which leads to the removal of whole portions of the load-bearing 
surface. 
4.5 Summary 
The mechanisms leading to scuffing under dry sliding conditions were studied by 
examination of surfaces, subsurfaces and wear debris and by quantitative measurements of average 
subsurface plastic deformation and surface layers thickness. Most of the observations listed below 
are based on the behavior of 390-T6 AI. However, the behavior of DHT-3 Al and steel indicates 
that this general behavior can be applied to other materials. The results of these studies can be 
summarized as follows: 
a. Scuffing under dry sliding conditions is due to a subsurface failure. The processes 
leading to scuffmg seem to involve the following events: 
(1) Accumulation of plastic deformation 
(2) Formation of voids and cracks in the subsurface 
(3) Propagation of subsurface cracks and removal of sections of the surface 
(4) Unstable decrease of the load bearing area 
(5) Removal of protective layers from most of the surface 
(6) Formation of cold welds 
b. The subsurfaces of specimens tested under dry sliding conditions have three 
characteristic regions. These are a layer of transformed material, a layer of plastically deformed 
material, and a layer of undisturbed material. 
c. The mechanisms for the formation of the transformed layer are oxidation, material 
transfer, compaction of fine wear particles, and plastic deformation. 
d. At a constant PV, the thickness of the·:transformed layer increases with time until it 
reaches an eqUilibrium level. The thickness also increases with the PV. 
e. For a given PV, the amount of subsurface plastic deformation increases with time until it 
reaches an eqUilibrium level. Most of the plastic deformation occurs at the beginning of the test. 
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f. For the tests conducted in air, the amount of accumulated plastic deformation increases 
with the PV. It is constant for a wide range of P and V combinations, provided that their product 
remains constant. 
g. Under the same load and sliding velocity, the plastic deformation for the tests conducted 
in R134a environment is lower than the plastic deformation for the tests conducted in air. 
h. Under R134a the plastic deformation is not constant along the PV = const curve. It is a 
stronger function of the contact pressure. 
4.6 Contributions 
The general structure of the subsurface of materials in sliding contact has been known for 
years. The formation of transformed layers and the accumulation of plastic deformation are well 
documented in the literature [22,37,39,90,91]. However, in very few of the scuffing studies the 
subsurfaces of the test specimens have been studied. In even fewer, these studies are supported by 
quantitative measurements. One of the achievements of this study is that it provides a more 
complete picture of the scuffing process by combining the phenomenological experimental results 
with microscopic observations and measurements. 
Cracks and other damage in the subsurfaces of test specimens are also often reported 
[16,37,39,91]. However, the existence of cracks at depths larger than the thickness of the 
transformed layer has not received much attention. The possibility that the formation of these 
cracks is the mechanism responsible for scuffing is suggested for the first time in the present 
study. There are several important findings related to these deep subsurface cracks. These are 
summarized below: 
a. Deep subsurface cracks do not form at PVs lower than the scuffing condition. 
Cracks propagating deeper than the thickness of the transformed layer were found only in 
the specimens which were in the process of scuffing. No such cracks were observed at lower 
PV's. This suggests a strong relationship between scuffing and deep subsurface fatigue. 
Although the idea of a relationship between scuffmg and fatigue has been suggested in the literature 
[70], no definite mechanism or proof relating these events have been found so far. The present 
study provides the explanation for this relationship. 
b. The formation of cracks occurs before the final stage of scuffing. 
As stated earlier, the existence of subsurface cracks in scuffed specimens is well known. 
However, the cause and effect relationship between these two was unclear. These cracks could be 
caused by the large adhesive tractions after scuffing. The present study provides the proof that, 
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under dry sliding conditions, the generation of cracks precedes and actually causes the adhesive 
stage of the process. 
c. The existence of several stages in the scuffing process can be explained. 
It is generally known that scuffing goes through several stages. However, the physical 
events occurring in these stages have not been identified. The present study provides evidence that 
these stages are associated with the initiation and propagation of subsurface cracks. 
d. The events in the final stage of scuffing are better understood. 
The gradual removal of whole sections of the load-bearing surface before the final adhesive 
stage is also a new finding. This mechanism provides the explanation for the unstable and 
catastrophic growth of the areas of bare metal, leading to the final stage of scuffing. 
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CHAPTER 5 
CALCULATION OF SURFACE PRESSURES 
AND REAL AREAS OF CONTACT 
As evident from the discussion in the previous chapter, scuffing under dry sliding 
conditions is the result of subsurface material failure. . At every particular location where the 
material fails, a critical combination of local stress, strain and temperature must be attained. 
Unfortunately, macroscopic parameters such as apparent contact pressure, apparent area of contact, 
and bulk temperature poorly correlate with the actual temperatures and stresses the material 
experiences. Therefore, the determination of the local stress and temperature distributions is very 
important in understanding the scuffmg process. 
The mechanical and thermal state of the subsurface is determined by the distribution of 
surface tractions, heat fluxes, and contact spots. These can be obtained by studying the problem of 
rough surfaces in contact. The major difficulty of this problem is that the real area of contact and 
the actual pressure distribution over the interface cannot be obtained experimentally. The only 
exception is the case when one of the bodies in contact is transparent. Hence, the determination of 
the above parameters has to rely on models for the contact of rough surfaces. There are two major 
approaches which can be taken to model the contact of rough surfaces. These are the stochastic 
approach and the deterministic approach. 
In this study, the distribution of surface pressures and real contact areas was obtained by 
. developing a model for the contact of runned-in surfaces. It combines a deterministic finite element 
model, statistical methods for surface alignment, and correction factors for deviations from the 
infinite half space approximation. 
5.1 Stochastic Models for the Contact of Rough Surfaces 
In most stochastic models, the shape of the asperities is assumed to be either hemispherical, 
or ellipsoidal. The features of the real surfaces are approximated by a set of such asperities with 
heights and sizes determined by probability density functions and their moments. The features of 
the two surfaces in contact are combined into a. surface with "equivalent" roughness. This 
"equivalent" surface is then "pressed" against a rigid flat plane. The pressure distribution and the 
contact area of a single asperity is obtained by applying the analytical solutions of Hertz. The total 
area of contact is obtained from the solutions for a single asperity through statistical methods. 
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Greenwood and Williamson [6] developed the ftrst and the best known stochastic model. In their 
model, hemispherical asperities with constant radius of curvature and Gaussian height distribution 
are pressed against a smooth, rigid plane. This model has seen numerous improvements, mainly 
to account for anisotropy in the shape of the asperities, variable radii of curvature and height 
distributions other than Gaussian [93-97]. These improvements lead to more realistic models, but 
the difftculty of their implementation often outweighs their advantages [98]. 
Fractals can be used instead of probability density functions to describe the features of a 
surface [99-102]. In this case, an assumption for the shape of the asperity is not required, but the 
surface is assumed to be self-similar at various scales. The contact mechanics part of the problem 
is also based on Hertz's theory. 
The major advantage of the stochastic modes is that they are relatively easy to implement. 
However, with the increasing complexity of the most recent models this advantage becomes less 
apparent. These models may require complicated ftltering of the experimentally obtained surface 
proftles, which leads to non-trivial problems in signal processing [95,98] 
The stochastic models have many disadvantages which have limited their applicability and 
have always raised questions about the trustworthiness of their results [103-105]. The major 
disadvantages of these methods are: 
a. All stochastic models require a decision for the asperity scale which is mechanically 
relevant. In fact, the very deftnition of an asperity requires an assumption for a dominant scale. 
b. The stochastic models neglect the interactions between neighboring asperities. They do 
not take into account the deformation of the body as a whole. Therefore, there is no easy way to 
account for edge effects or variable stiffness of the specimens. 
c. An assumption for the shape of the asperities or the self-similarity of the surface is 
required. Both of these assumptions are very limiting. In addition, a deviation from self-similarity 
can be expected for many engineering surfaces. 
d. A statistical independence of the surface features of the contacting surfaces is assumed. 
Hence, the stochastic models cannot be applied to runned-in surfaces. This is a serious 
disadvantage, because it limits their application to virgin surfaces, or to surfaces with negligible 
wear. 
For the conditions of this study, both assumptions (b) and (d) of the above are violated. 
Therefore, stochastic methods cannot be appliedJo determine the surface pressure and area of 
contact distributions under dry sliding conditions. 
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5.2 Deterministic Models 
The deterministic models are often finite element models of various complexity [103-113]. 
The surfaces in contact are represented by digitizing the output of stylus profilers or other 
instrumentation for surface characterization. The major assumption of the deterministic models is 
that the contacting bodies can be approximated by elastic half-spaces, and that the point-load field 
solution of Boussinesq and Cerutti holds. This assumption is justified by the fact that the typical 
slopes of the surface features are small. The contact between the surfaces is assumed to be 
frictionless. Typically, the surface is subdivided into elements (rectangular in 2-D models and long 
strips in 1-D models) with only one degree of freedom - their vertical displacement. The pressure 
over each element is assumed to be either constant, or linearly varying. 
A schematic of two rough surfaces in contact is given in Fig. 5.1. Note that the sliding 
between the surfaces occurs in the y-direction. The x-z plane is the plane of the transverse surface 
profiles. Also note that the datum planes of the two surfaces are inclined with respect to each 
other. This is an illustration of the angular misalignment, which can occur in the process of taking 
the surface profiles. 
Fig. 5.1 - Schematic of the contact between two rough surfaces 
According to the solution of Boussinesq, the vertical displacement w of an arbitrary point 
on the surface with coordinates (x, y) due to a point force p(x',Y')dx'dy' applied at (x',y') is given 
as: 
( ) _ 1- v2 If p(x',y')dx'dy' 
w x,y - llE ~ Ao (x - x,)2 + (y _ y,)2 
(5.1) 
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If the apparent area of contact Ao is divided into M elements of size A, the above equation 
can be discretized in the form: 
W = 1- v2 ~{ff dx'dy' } 
I teE L. 2 Pk 
k=l A ~(x - x,)2 + (y - y,) or 
1- v2 N 
WI = E rCklPk (5.2) 
1C. k=l 
where N is the number of elements in contact. Note that N ::; M , which indicates that not all of the 
elements over the apparent area are in contact. The influence matrix Ckl is easily calculated 
because the shape of each element is simple and the value of the integral depends only on the 
relative position of the points of load application and displacement calculation. The sum of the 
displacements (Wl+W2)1 of the two contacting bodies at every location must be equal to the 
geometrical overlap ( 81) of the non-deformed profiles Zl (I) and Z2(l) resulting from any given rigid 
body approach (d ) and rotations with respect to the x and y axes. For the simpler one-dimensional 
case (Fig. 5.2), the overlap is calculated as: 
8/ = [Zl (l) - Z2(l}] + d + s{l- MJ2) tan ( a) (5.3) 
where s is the discretization step of the profile and a is the angle between the datum lines. This 
angle is measured with respect to the center of the surface profile which is located at MIl. 
Z 
Geometrical overlap 
~ 
Displaced and 
rotated profile 1 
j~----~ 
x(l) = s(l-MI2) 
----;=J~==;;.;±:::====::::::::..=t-:ds(1-I-=iMI2)tana 
Fig. 5.2 - lllustration of the geometrical overlap between one-dimensional surface profiles. 
Each profile is shematically represented by a single cylindrical asperity. The asperities do not make 
contact initially. Profile 1 is displaced and rotated, resulting in overlap of the asperities. 
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Equation (5.3), generalized for the two-dimensional case gives: 
8[ = [Zl (I) - z2(1)] + d + X' tan ( ay ) + y'tan(ax ) (5.4) 
where x' and y' are the coordinates of the l-th element with respect to the center of the apparent 
area of contact, and ax and ay are the rotations with respect to the x and y axes, respectively. 
Making use of Eq. (5.2), the expression for the sum of the displacements (Wl+W2)1 is: 
(5.5) 
where C;l combines the influence coefficients for the two contacting bodies. Combining Eq. (5.5) 
for all the lements in the model leads to the set of equations: 
(5.6) 
Equation (5.6) is a matrix equation for the unknown pressures Pk. It can be solved by 
matrix inversion or some other method. A complication in the solution procedure arises from the 
fact that the pressures Pk cannot be tensile. Hence, the set of equations (5.4) is non-linear and 
requires an iterative solution. The general algorithm for the determination of the unknown 
pressures is as follows: 
a. The surface profiles are made to approach each other such that contact occurs only at one 
point. 
b. The surfaces are displaced vertically toward each other by an initial amount d. 
c. Equation (5.6) is solved for the unknown pressures. 
d. The sum of the local loads over the elements is compared to the applied load W. 
e. If the sum is larger than W, d is decreased, if it is smaller d is increased. Iteration 
through steps (c)-(e) is continued until Wand the sum become equal. 
These models provide realistic pressure, subsurface stress, and area of contact 
distributions. The interactions of neighboring contacts is taken into account. In addition, it is 
possible to deal with high degrees of conformity, typical for run-in surfaces. Therefore, a 
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deterministic finite element method was chosen to determine the distributions of surface pressures 
and contact areas. 
5.3 Contact of Runned-In Surfaces 
Surfaces which have been rubbed against each other for some time attain surface features 
which are dependent on each other [114-117]. The surface profiles of such surfaces match (the 
peaks of one surface correspond to valleys on the other). This is schematically illustrated in Fig. 
5.1. This increased conformity leads to a larger real area of contact and to lower local pressures. 
The conformity of surfaces is neglected in the stochastic models, because it requires a statistical 
covariance term which is generally unknown [118]. As stated earlier, this is one of the major 
disadvantages of these models, limiting their application to virgin surfaces. The deterministic 
models are not sensitive to this problem. It is , therefore, surprising that none of the deterministic 
models described in the literature takes the matching of runned-in surfaces into account, although, 
this is in principle possible. 
The major difficulty in taking the surface conformity into account is to align the 
experimentally obtained surface profiles properly. The surfaces have to be matched with accuracy 
corresponding to the resolution of the experimental equipment, which typically is in the range 1-5 
f..Lm. This accuracy can be achieved only by statistical methods. 
Aligning of surface profiles by statistical methods was used for the first time by Sigimura 
and Kimura [116] to quantify the topographical changes of surfaces during the run-in process. 
They introduced a cross-correlation coefficient which gives a quantitative expression for the 
similarity of profiles. Due to practical difficulties in locating a common starting point for the 
profiles during measurements, they may be displaced in the transverse x-direction. The cross 
correlation coefficient helps to identify this displacement. In the case when the profiles are 
digitized, they constitute sets of equally spaced points. Let U(i) and Y(i) denote two digitized 
profiles, where i determines the position of the point along the x-axis. Then the cross correlation 
coefficient is given as [116]: 
(5.7) 
where ~ s an integer number which, if multiplied: by the sampling interval, gives the distance by 
which one of the surface profiles lags the other. The above function has a sharp maximum at some 
~o which corresponds to the most likely position (lag) of the second surface with respect to the first 
surface while they were in contact. A typical plot of r(~ ) for the alignment of a disk and pin 
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profiles is given in Fig. 5.3. Equation (5.7) works well only if all the ordinates in both profiles are 
positive. Hence, a vertical translation of one or both proftles prior to the application of the formula 
is necessary. In the case of pin/disk proftles matching, one of the profiles has to be inverted before 
the calculation. 
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Fig. 5.3 - Determination of the lag between disk cmd pin surface profiles 
To double-check the results predicted by equation (5.7), another statistical function was 
used. This function is the familiar least squares fit, which has a minimum at ~ and is given by: 
(5.8) 
Equations (5.7) and (5.8) were tested on profiles with varying conformity. In all these 
tests, both statistical functions gave identical results. The equations were also checked by visual 
inspection of aligned surfaces with easily identified features. The alignment of eight surface 
profiles of the same disk, taken at equal angular increments of trl4 transverse to the direction of 
sliding is shown in Fig. 5.4. 
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Fig. 5.4 - Alignment of surface profIles of the same disk 
The profIles are taken transverse to the direction of sliding at eight equidistant locations 
Geometry: R12.7, P = 7.02 MPa, V = 0.67 mis, To = 30°C, 
Environment: air, Counterface: 390-T6 AI pins 
The numerical results from the same alignment are given in Table 5.1. In the table, dl-d8 
denote the disk profiles and pI denotes a pin profile. The number of points (each point 
corresponds to 5 Jlm) by which the first profile lags the second profile is given in the second 
column of the Table 5.1. The same disk profIles are then aligned with a profile of a pin which was 
tested against this disk. These results are given in the fourth column of Table 5.1. Finally the 
results from a combined alignment, given by the differences in two consecutive disk-pin matches 
are shown in the sixth column. The proper alignm~nt of the profiles has to meet two requirements. 
The frrst is that the sum of all lags over the circumference of the disk must add up to zero. This 
means that the sum of the numbers in both columns two and six must be zero. The second 
requirement is that columns two and six are the same. As seen from the table, both requirements 
80 
are satisfied fairly well keeping in mind that the accuracy of the analog-to-digital conversion of the 
profiles is one point. From these results, it can be concluded that equations (5.7) and (5.8), 
especially when used together, are a reliable tool for the alignment of conforming surfaces. 
Table 5.1 - Results from the alignment of surface profiles 
The disk proftles are taken transverse to the direction of sliding at eight equidistant locations 
The pin proftle is taken trough the center of the pin transverse to the direction of sliding 
Disk-Disk 
d1-d8 
d2-d1 119 2 
d3-d2 10 130 11 
d4-d3 0 133 3 
d5-d4 -29 103 -30 
15 118 15 
d7-d6 7 125 7 
d8-d7 113 
Total 
In addition to the x-axis misalignment, the profiles may also have angular misalignments, 
as shown in Fig. 5.1. These are corrected by requiring that the sum of the moments with respect 
to the center point of the proftle of all forces resulting from the contact of the two surfaces is zero. 
Since this requires knowledge of the surface pressure distribution, this alignment is incorporated in 
the solution for the pressures and is discussed in more detail in Section 5.7 below. 
5.4 One Dimensional Versus Two Dimensional Formulation of the Finite Element Model 
The surface features on worn disks and pins are strongly anisotropic. The surface 
roughness perpendicular to the direction of sliding (transverse direction) is much larger than the 
surface roughness along the direction of sliding (longitudinal direction). In fact, the longitudinal 
surface roughness for the pins can be neglected. This follows from the observation that parallel 
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transverse surface proftles of the pins are practically identical. Even the transverse surface profiles 
of two different pins which slide against the same disk are very similar. This is demonstrated in 
Fig. 5.5. The reason for this similarity is that the features on the surfaces of the pins are produced 
through interactions with the same spots on the disk. Hence, the surface roughness of the pins can 
be assumed to be one-dimensional. Waviness of the surface of the pins is not important due to 
their small length in the direction of sliding. An optical photograph revealing the one-dimensional 
character of the surface of a 390-T6 AI pin is shown in Fig. 5.6. 
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Fig. 5.5 - Transverse surface profiles of two pins which slide against the same disk 
Geometry: R12.7, P = 7.02 MPa, V = 0.67 mis, To = 30°C, Environment: air, Material: 390-T6 AI 
The surface of the disks, although anisotropic, is two-dimensional. Gradual changes in the 
profile of the disks in the direction of sliding does occur. This can be seen from the profiles 
shown in Fig. 5.4. From the figure, it is clear that although similar, the profiles have variations in 
depth. However, these variations involve distances much larger than the size of the pin. 
Therefore, the contact between the pin and the disk at every particular location on the disk can still 
be treated as one-dimensional. The variations of the pressure distribution in the direction of sliding 
can be obtained from several solutions of the fmite element model corresponding to different 
locations on the disk. 
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Fig. 5.6 - Top surface of a 390-T6 Al pin 
The direction of sliding is from bottom to top 
Geometry: R12.7, P = 7.02 MPa, V= 0.67 mis, To = 30°C, Environment: air 
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Another question, which must be addressed, is the accuracy of the one-dimensional models 
compared to the two-dimensional models of the same surface. This question has been studied by 
Francis [113]. The conclusion from his work is that the error in implementing one-dimensional 
models increases with decreasing anisotropy of the surface features. An aspect ratio (given as the 
length of the elements divided by their width) of over 3.0 is necessary for an error of less than one 
percent. The aspect ratio characteristic of the surfaces of this study are in the range 20 - 200. 
Therefore, the error due to the implementation of the simpler one-dimensional method is expected 
to be insignificant. 
Additional error may result from the idealization of the shape of the contact area. Two 
possible representations of the contact surface by finite elements are schematically shown in Fig. 
5.7. The representation given in Fig.5.7a is a true one":dimensional model. It has M identical 
finite elements. The length of the elements is determined by the requirement for the equality 
between the apparent contact areas of the model and the real surface. The elements of the influence 
matrix for this model depend only on the distance between the point where the displacement is 
calculated and the point of load application. The influence matrix is symmetric and the memory 
required for its storage is of size M. The question about the memory requirement is important 
because a true two-dimensional matrix may require storage on the order of 106 entries. 
Actual surface 
(a) 
(b) 
Elements of equal size 
Number of elements: M 
Size of the influence matrix: M 
Elements with varying aspect 
ratios 
Number of elements: M 2 
Size of the influence matrix: M 
Fig. 5.7 - Representation of the surface of the pin by finite elements 
(a) elements of equal size and (b) elements with varying aspect ratios 
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True one-dimensional models have been used successfully in various contact problems 
[104,105,111,112]. However, in all these problems, the actual contact area has also been 
rectangular in shape. The transformation from a circular to a rectangular contact area results in 
errors in the solution. The representation shown in Fig. 5.7b solves this problem. The length of 
the elements are different and equal to the actual length of the contact arch at the particular location 
on the contact area. This is a quasi two-dimensional model because the elements have various 
aspect ratios. It has a full influence matrix of M.2 elements. Solutions based on both of the above 
representations were compared for actual surface profiles and for specially generated trial surfaces. 
The discrepancies in the solutions were higher than five percent and were considered unacceptable. 
The second representation of the actual surface was chosen for the fmite element model. 
With the chosen representation of the contact surface, the elements are rectangles, 2a wide 
and 2b long. The surfaces of the pin and the disk are represented by their digitized profiles 
obtained with a stylus surface profiler. The number of elements in the representation of the surface 
is equal to the number of points in the digitized profile, typically (1200-1500). The width of each 
element is equal to the spacing between the data points in the digitized profile, s = 5 Jlm. The 
length 2b of each element is different and equal to the length of the contact arch (Eq. 3.8) at the 
particular location of the element. The contact pressure over each element is assumed to be 
constant. The elements of the influence matrix are calculated according to the formula given in 
[119] for the effect of a uniform pressure (p) acting on a rectangular area 2a x 2b on the vertical 
deflection w of a point (x, y): 
(5.9) 
1rE 2 W = (x+ a)ln[(Y+b)+~(Y+b)2 +(x+a)2J+(Y+b)ln[(x+a)+~(Y+b)2 +(x+ a)2 J 
I-v p (y-b)+~(y-b)2+(x+a)2 (x-a)+~(y+b)2+(x-a)2 
( )In[ (Y - b)+ ~(y _b)2 + (x-a)2 J b [(X - a)+~(y _b)2 + (x _a)2 J + x - a + (y - )In ...:.--..:......---;.;;~~=~=~ (y+b)+~(y+b)2 +(x-a)2 . (x+a)+~(y _b)2 + (x+a)2 
Only the displacements at y = 0 are of interest. Setting y = 0 and making the substitutions: 
2a =s, 2b = Larch, , = bfa, and x = Ik -II = is 
gives the formula for the influence coefficients Ckl: 
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(5.10) 
where 'is the aspect ratio of the elements. The vertical displacement then is: 
s(l- V2 ) 
Wi = 2nE L CklPk (5.11) 
5.5 Edge Effects 
As stated earlier, the major assumption of the deterministic models is that the infinite half-
space approximation holds. This assumption is suitable for the surface of the disk which is large 
compared to the size of the contact area. However, it is violated for the surface of the pin, the 
whole of which is loaded. The stiffness of the pin close to the edge is lower than the stiffness in 
the center. In the solution for the pressures, this will result in stress concentration near the edge. 
From the experimental evidence presented in Fig. 3.15 it is clear that this does not happen. The 
reason is that any stress concentration accelerates the local wear rate, which leads to a better surface 
conformity and relieving of the higher stresses. To account for this effect, a correction in the 
infinite half space approximation is necessary. 
The edge pressure concentration problem has been recognized and solved in the works of 
Francis [105] and Ren et al.[106]. Francis has proposed a profile bending technique which 
produces uniform average pressure distribution. It is based on the analytical solution of a rigid 
punch pressing on an elastic half-space. In this method, the actual surface profiles are divided into 
segments. A least squares straight line is fitted to the rough profile of each segment. Then the 
lines and their corresponding profile sections are rotated with respect to each other to an 
approximately parabolic shape, given from the punch-on-flat plane solution. This method is 
complicated and requires decisions about the size of the line segments, which brings additional 
uncertainties in the solution. The method used by Ren et. al.[106] involves the application of a 
constant uniform tensile pressure on the whole contact region. The actual solution is obtained by 
combining the displacements resulting from asperity interactions with the displacement resulting 
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from the tensile stresses. This method is easy to implement. Its major disadvantage is that their 
finite element method employs the concept of contact between an equivalent surface and a rigid 
plane. The equivalent surface is produced from the superposition of the surfaces of both bodies in 
contact. Thus, the correction for edge effects is applied to both surfaces. In the case of a pin-on-
disk geometry, the correction must be applied only to the pin surface. 
In this study, the correction for edge effects is based on the requirement that uniform 
pressure on the surface of the pin must produce uniform displacement. The solutions based on the 
infinite half-space approximation predict displacements which decrease in magnitude from the 
center of the loaded area towards the edges. Hence, the displacements over the whole loaded area 
must be multiplied by correction factors which will provide the necessary uniform displacement. 
These correction factors can be derived analytically. The expression for the displacements inside a 
uniformly loaded circular region is given in [119] as: 
4(1- v2 )pa 
w = nE E{rla) , (r<a) (5.12) 
where E{rla) is the complete elliptic integral of the second king with modulus (rIa), r specifies 
the position of the point within the circle and a is the radius of the circle. The correction factors are 
obtained as the ratio of the displacement in the center of the circle to the displacement given by Eq. 
(5.12). Since at the center r = 0 and E(O) = nl2 , the expression for the correction factors 
becomes: 
'P - n 
- 2E{rla) (5.13) 
This expression can be further modified to account for the discretization of the finite 
element problem: 
(5.14) 
where I determines the position of the point on the digitized surface profile of the pin. A plot 
showing the variation of the correction coefficient over the surface of the pin is given in Fig. 5.8. 
Applying the correction coefficient to Eq. (5.11) gives the vertical displacement of the elements on 
the pin: 
(5.15) 
87 
9-0 
~ 
.9 
~ 
~ 
= 0 
. .= 
u 
~ 
U 
1.6 
1.5 ----·····---·······.···········.· .. · .. t····.············ ............. u·····---t·····-----·---···············---·········t-····································· 
1 1 ~ 
: ! ! 
1.4 : : : •••••••••••••••• -........... -•• --•••• 'f" •••••••••••••••••••••• _-_ ............... "I" •••••••••••••••••• u ••••••••••••••••••••• :-................................... . ~ ~ l 
! 1 l 
1.3 ! 1 i ..... -- ········ __ ····················i······················· .................. +----.--•••••••.•••••••..•..••••••••. --•••• ~.-••..••••••... --.-.......... • ••••• -! : : 
1.2 
1.1 
.................................... 1. ...................................... .1 ....................................... ..1 ................................... . 
--)-.---/----i----
1.0 
-1.0 -0.5 0.0 
rIa 
0.5 1.0 
Fig. 5.8 - Correction factors for the displacements on the surface of the pin 
The combined vertical displacement for both surfaces is: 
or 
w - ~ {e ~[( 1- YJiSk) + 'I' (1- Y~in )]}.n ' 
I - L. kl 21r Edisk I Epin rk 
, I 
(5.16) 
(5.17) 
The final expression for the influence matrix accounting for both the pin and the disk surfaces is: 
c:. = Ckl ~ disk + 'I' pm ( 1 - y2 1 - y2. ) 
kl 21r Edisk I Epin (5.18) 
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5.6 Correction for the Stylus Tip Radius 
Due to the finite radius of the tip of the stylus used for taking surface profiles, the valleys 
of the measured profile will become narrower and the peaks larger. This is schematically shown in 
Fig. 5.9. This effect can be corrected with a simple geometrical transformation: 
z* = z - Rtip cos (as) 
x* = x + Rtip sin (as) (5.19) 
where Rtip is the radius of the tip of the stylus, as is the slope of the profile, x and z are the 
coordinates of a point on the experimentally obtained profile, and x* and z* are the coordinates of 
the corresponding point on the corrected profile. Since the points in the corrected profiles are no 
longer equidistant, interpolation between these was used to obtain equidistant points. This 
correction is necessary only for styluses with large radii and was applied to the profiles of one of 
the earlier tests of this study. These profiles were taken with a 12.5 Jlm stylus. The rest of the 
surface traces were taken with a stylus radius of 2.5 Jlm. For these profiles, no correction was 
made. 
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Fig. 5.9 - Errors associated with the finite radius of the stylus tip 
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5.7 Overall Solution Algorithm 
The flowchart of the entire algorithm for calculation of the surface pressure and area of 
contact distribution is shown in Fig. 5.10. The input to the program are the load on one pin, the 
material properties at the test temperature, the digitized proftles of the disk and the pin, and data for 
the geometry of contact. Optional is the input of the yield stress of the softer material. 
Steps (2) and (3) are separate algorithms for correction of the proflles, for their alignment 
and positioning. The arch lengths, the correction factors for the displacement of the pin, and the 
elements of the influence matrix are calculated in steps (4)-(6). As in any other iterative process, 
the solution must begin with an initial guess. A good initial guess is very important because it may 
significantly reduce the computational time. The initial approach is assumed to be equal to the 
displacement of the center of the pin proflle which would result from a uniform pressure over the 
entire contact surface. This pressure is set equal to the applied apparent pressure P: 
do = P'L~ C;(M/2) (5.20) 
With the initial approach chosen, and with assumed zero initial inclination, the initial values of the 
overlap can be computed. The initial guess for the contact pressures assumes that they are 
proportional to the overlaps, with an average value equal to P. 
The solution for the pressures follows a Gauss-Seidel iterative algorithm, as described in 
[102,104,119]. Other algorithms have also been successfully applied to the solution of Eqs. (5.6). 
The Gauss-Seidel algorithm was chosen because it offers several advantages. The first is that it is 
very robust and converges reliably. The second is that plastic behavior can easily be incorporated 
into the solution [102]. A simplified representation of the algorithm is given in Eq. (5.21) below: 
() _ () [( 81 - 'L:!:OC!aPk )] PI new - PI old + OJ c:. 
. II 
(5.21) 
In the equation, (Pk)new and (Pk)old are the values of Pk in two successive iterations and OJ is a 
factor facilitating the convergence. The values of Pk are continuously upgraded. If Pk becomes 
tensile, it is set to zero and the calculation proceeds with" the new value. Similarly, if Pk exceeds 
some preset (yield) value, it can be set to this maximum value. More refined ways to deal with 
plasticity can also be incorporated. Strain hardening and constancy of volume are two of the 
possibilities. 
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I 
I 
Load: Wo (1) INPUT 
Material properties: Edisk' £pin, V dish Vpin 
Geometry: Surface proftles Zl (i), Z2 (i), ~in , Rave 
(2) Correction for the stylus tip radius, Eq. (5.19) 
(3) Calculate the lag, invert and position the pin proftle, Eqs. (5.7) and (5.8) 
(4) Calculate the arch length Larch, Eq. (3.8) 
(5) Calculate the edge correction factors % , Eq. (5.14) 
(6) Compute the influence coefficients Gi, Eqs. (5.10) and (5.18) 
(7) Choose the inital aproach do and the initial angle of inclination ao 
1------------- --------------------l 
(8) Calculate the overlap, Eq. (5.3) 
(9) Solve for the pressures: Gauss Seidel iterative solution, Eq. (5.21) 
(10) Calculate the load W, Eq. (5.22) 
(11) Calculate the moment T, Eq. (5.23) 
(12) Calculate the real area of contactA r, Eq. (5.24) 
No W> Wo: Decrease d 
~-~(14) 
W < Wo: Increase d 
No T> 0 : Decrease a 
~--I~ (16) 
I 
I 
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I 
I 
I 
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I 
I 
I 
I 
I 
I 
I 
T< 0: Increase a I L ____ -'-- _______ _ --------------------~ 
(17)OU1PUT 
Pressures, Pk 
Deformed proftles, zt ,zi 
Real area of contact, Ar 
Fig. 5.10 - Flow chart of the overall finite element solution 
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I 
The load, the moment with respect to he center of the surface profile and the real area of 
contact in steps (10-12) are calculated as follows: 
W = SLf:oLarch(k)Pk (5.22) 
(5.23) 
(5.24) 
where N is the number of elements with non-zero pressures. The conditional statement (13) in 
Fig. 5.10 sets the maximum permissible error on the load (0.5%). Steps (15) and (16) perform the 
angular alignment of the profiles. Steps (8-16) represent a three-level imbedded iterative process. 
To speed up the solution, these steps are incorporated in a 2D globally convergent Newton-
Raphson method [119]. 
The output of the program are the contact pressures, the deformed profiles and the real area 
of contact. These results are the input to other programs which calculate the subsurface stresses, 
temperatures and strains. These are discussed in more detail in the next chapter. 
5.8 Verification of the Model 
The model was verified by comparing its output to available analytical solutions. A 
cylinder-on-flat frictionless contact was chosen for the purpose. The results from the numerical 
solution with M = 200 are shown in Fig. 5.11. A comparison of these results to the analytical 
solution of Hertz is given in Table 5.2. 
Table 5.2 - Comparison between the numerical and analytical solutions for cylinder-on-flat 
Hertzian contact. M = 200, RCYI = 625 mm, WIL = 5 x 104 N/m, EI,2 = 70 GPa, VI,2 = 0.3 
Parameter Analytical Solution Numerical Solution % Error 
I Max. Contact Pressure 44.26 MPa 45.15 1.97 
I Contact width 1.442 mm 1.435 0.485 I 
The plots in Fig. 5.11 show that the results from the numerical solution are qualitatively 
correct. The error in the solution, as seen from Table 5.2, is within acceptable limits. 
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Fig. 5.11 - Verification of the model. Cylinder-on-flat frictionless Hertzian contact. 
RCYI = 625 mm, WIL = 5 x 104 N/m, El = E2 = 70 GPa, VI = v2 = 0.3 
The ability of the model to handle edge effects was also tested. A fictitious circular 
(D = 5 mm) surface with five identical cylindrical asperities (Fig. 5.12), 5 /lm high each, was 
"pressed" against a flat plane made of the same material (E = 70 GPa, V = 0.3). The average 
contact pressure based on the apparent area Ao was P = 10 MPa. Two solutions, with and without 
edge corrections, were obtained. These results are given in Figs. 5.13 and 5.14. The pressure 
distribution for the corrected solution is almost uniform. In addition, the deformed surface of the 
disk has the largest deformation under the central asperity, which is what should be expected. The 
solution without correction factors gives contact pressure concentrations close to the edges and 
fairly uniform deformation of the disk, both of wh~ch are wrong. 
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Fig. 5.12 - Schematic of the cylindrical surface used to test the edge corrections of the model 
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Fig. 5.13 - Solution for a circular surface with edge corrections 
(a) Pressure distribution and (b) Deformed profiles 
El = E2 = 70 GPa, VI = V2 = 0.3, P = 10 MPa 
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(a) Pressure distribution and (b) Deformed proflles 
EI = E2 = 70 GPa, VI = V2 = 0.3, P = 10 MPa 
5.9 Results for the Contact Pressure and Area of Contact Distributions 
5000 
5000 
The surfaces which were studied with the fmite element model were obtained from constant 
load tests. The tests were one hour long. To study the effect of the applied load on the real area of 
contact, the maximum contact pressure, and the average contact pressure, tests were conducted at 
20%, 40%, 60%, 80%, and 95% of the scuffing PV, obtained with a single step load application. 
All tests were conducted at the same sliding velocity of 0.67 mls. Thus, a separate test was used to 
obtain the input data for each finite element solution. 
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A typical solution for the contact pressures is given in Fig. 5.15. It was obtained at 80% of 
the scuffing load. The pressure distribution is characterized by spikes of very high pressure over 
small contact areas, which are far apart from each other. 
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Fig. 5.15 - Typical results from. the finite element solution 
(a) Contact pressures and (b) Deformed proftles 
6000 
PV = 4.72 MPa.mls (80% of the scuffing PV), P = 7.04 MPa, V = 0.67 mis, Environment: air 
W = 222.0 N on one pin, Tb = 180°C, To = 30°C, Material of the pin: 390-T6 AI 
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The solution given in Fig. 5.15 is based on a fully elastic response of the material. It can 
be expected that the modulus of elasticity of the materials in contact changes with temperature. 
This will couple the thermal and the mechanical effects and make the problem extremely difficult. 
Fortunately, the modulus of elasticity of both aluminum and steel is not a very strong function of 
temperature in the temperature range of interest (l80-200°C), as shown in Fig. 5.16. Hence, the 
elastic response of the material is assumed independent of the temperature. 
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Fig. 5.16 - Change of the modulus of elasticity with temperature for several aluminum alloys 
Eo is the elestic modulus at room temperature 
The changes of the real area of contact and the maximum and average contact pressures as a 
function of load are shown in Fig. 5.17. The change in the average contact spot width (2a), with 
load is shown in Fig. 5.18. Each of the data points in the figures is the average of eight solutions, 
corresponding to equidistant angular positions on the disk. As expected, the real area of contact 
increases linearly with the load. Both the average and the maximum pressures seem to be weak 
functions of the load. The maximum pressure shows a slight increasing trend at lower loads, but 
quickly levels-off at about 170 N. The initial lower values of the maximum pressure can be 
attributed to smoother surfaces caused by oxidative wear which dominates at these conditions (Fig. 
4.6). The average pressure has an even weaker dependence on the load. 
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Fig. 5.18 - Average width of the contact spots as a function of load 
Geometry: R12.7, V = 0.67 mIs, To = 30°C, Pin material: 390-T6 AI 
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The constancy of the maximum pressure cannot be expected to be universally true. It 
seems that it will depend on the severity of the loading conditions. Lubricated contacts may show 
an increase of the maximum pressure with load, as reported by He [121]. 
The concept of a constant average pressure is common in various tribological models. It is 
based on the assumption that the increase of the real area of contact with load is due mainly to the 
increasing number of asperities coming in contact. It is also assumed that the average size of the 
contact spots does not change significantly. As seen from Fig. 5.18, the average size of the 
contact spots is not a strong function of the load for most of the load range. However, the size of 
the contact spots becomes much higher at a load of 278 N. This load corresponds to 95% of the 
scuffing load, which at the test velocity of 0.67 m1s was 295 N. Under these conditions, deep 
grooves are formed on the surface and the available load-bearing area becomes smaller. This leads 
to a sharp increase in the size of the contact spots. The last point in Fig. 5.18, corresponds to the 
surface shown in Fig. 4.18 a. 
It can be expected that the highest maximum pressures will only be realized in few 
locations. The percentage of elements subjected to various ranges of pressures is shown in Fig. 
5.19. 
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Fig. 5.19 - Percentage of elements subjected to a range of contact pressures 
The calculation is based on a fully elastic response of the material 
Geometry: RI2.7, P = 7.04 MPa, V = 0.67 mIs, Tb = 180°C, Material of the pin: 390-T6 AI 
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As stated earlier, variations in the distribution of the contact pressures may occur due to 
disk waviness. This is demonstrated in Fig. 5.20, where the pressure distributions on eight 
locations on the same disk are shown. These pressure distributions correspond to the disk profiles 
given in Fig. 5.4. 
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Fig. 5. 20 - Pressure distributions over eight locations on the same disk 
Geometry: RI2.7, P = 7.04 MPa, V = 0.67 mis, Tb = 180°C, Material of the pin: 390-T6 AI 
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From the figure, it is seen that most of the pressure spikes occur at the same radial location 
on the disk. However, there are some pressure spikes which are characteristic only to one or two 
particular profiles. Others do not change location but increase or decrease in magnitude. This is an 
illustration of the local variability of the loading. 
5.10 Summary 
The problem of finding the local pressures and contact area distributions is solved by 
developing a model for the contact of runned-in surfaces. The model incorporates a finite element 
simulation of the contact of rough surfaces, statistical methods for the alignment of surface profiles 
and analytical correction factors for deviations from the infinite half-space approximation. The 
results obtained with the method can be summarized as follows: 
a. A reliable alignment of surface profiles can be achieved. The alignment in essential for 
the correct calculation of the pressure and area of contact distributions. 
b. Deviations from the half-space approximation can be successfully corrected by analytical 
expressions based on the principle that uniform pressure on the surface of the pins must produce 
uniform surface displacement. 
c. For the conditions of this study, the pressure distributions are characterized by few high 
pressure spikes far apart from each other. 
d. The real area of contact increases linearly with the applied load. 
e. For the conditions of this study, the maximum and the average contact pressures are 
weak functions of the load. 
f. The size of the contact spots increases slowly with the load. However, a sharp increase 
in the size of the contact spot occurs right before scuffmg. 
g. Most of the spikes characteristic for the pressure distribution persist for one revolution of 
the disk. However, some spikes may change magnitude, or have shorter duration. This illustrates 
the variability of the loading on a local basis and the presence of loading cycles. 
5.11 Contributions 
Finite elements methods for rough surfaces interactions and methods for statistical 
alignments of surface profiles are both well known and described in detail in the literature. 
However, there are no reports for the combined use of these methods. The contribution of this 
study is their simultaneous use, which opens the possibility to solve the problem for the contact of 
runned-in surfaces. Several minor improvements to the existing methods are also made. The most 
important among these is the simpler and better method for correcting edge effects. 
101 
CHAPTER 6 
SUBSURFACE STRESSES, TEMPERATURES AND STRAINS 
The subsurface stresses, temperatures and strains are needed to understand how the 
material fails on a local basis. Based on the solution for the surface pressure and contact area 
distributions, it is possible to obtain estimates for these parameters. The subsurface stresses are 
calculated by assuming a fully elastic response of the material and by applying the analytical 
solutions for an infinite elastic half-space. In this calculation it is assumed that the temperature 
does not influence the elastic constants of the material. The temperatures are calculated with the aid 
of a thermal finite element model. The magnitude of the local heat fluxes required as an input to the 
thermal model is calculated from the surface pressure distribution, the sliding velocity, the 
coefficient of friction, and the experimentally obtained heat partitioning at the interface. The time 
dependence of the heat fluxes is estimated from an analysis of wear debris and wear rates. With 
the subsurface stresses and temperatures known, the strains are calculated by applying constitutive 
laws taken from literature sources. The estimates for the local strains are compared to the 
experimentally observed average strains in the subsurface. 
6.1 Subsurface Stresses 
The major assumption made in this study for the calculation of the subsurface stresses is 
that the response of the material is fully elastic. The reasons for this assumption are: 
a. The local state of stress is characterized by a large hydrostatic compressive component. 
b. The material is subjected to pulses of high stress for very short periods of time. Under 
these conditions, the yield strength is higher due to strain rate effects. 
c. The mechanical strength of the material close to the surface is higher due to strain 
hardening, oxidation, grain refinement and mechanical alloying. 
d. A solution accounting for the plasticity effects is practically impossible to obtain. The 
major difficulties are related to the local material properties. There are additional uncertainties 
about the duration of a loading period 
.;-
Assuming fully elastic response, and applying the principle of superposition, the 
subsurface stresses can be easily determined if the distribution of the surface tractions is known. 
The distribution of the surface contact pressures is obtained from the model for the contact of 
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runned-in surfaces, described in the previous chapter. It is assumed that each contact pressure Pk 
generates a tangential traction 'X'k, which is related to Pk through a constant coefficient of friction /1: 
'X'k = /1Pk (6.1) 
With all the surface tractions known, the stress components at every location under the 
surface can be calculated. The calculations are based on the formulas for the stresses generated by 
uniform normal pressure and shear tractions over an infinitely long strip of width 2a [119]. The 
coordinate system used for the calculation of the stresses is shown in Fig. 6.1. In the figure, the 
y-axis coincides with the direction of sliding. 
Fig. 6.1 - Coordinate system used for the calculation of the subsurface stresses 
For a point located at (x, z) from the center of the strip, the subsurface stresses are: 
(6.2) 
(6.3) 
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U =- atan---atan--J.lP( x-a x+a) yz 1! Z Z 
81 = atan-Z-, 
x-a 
82 = atan _+z 
x a 
(6.4) 
(6.5) 
(6.6) 
(6.7) 
The normal stress in the y direction, uyy , is calculated based on the plane strain condition 
8yy = 0, which gives: 
(6.8) 
It is convenient to perform the calculations for the stresses on a square grid of points using 
the same discretization step s = 2a, as in the finite element model for the surface pressures. Hence, 
x = (k -l)s and Z = ms, where k is the point of pressure application, I is the horizontal position of 
the point of interest, and m is the vertical position of the same point. Then the six components at 
each point can be expressed by relationships of the form: 
(6.9) 
where (Aij)/dm are elements of influence matrices calculated with formulas (6.2-6.8). Applying the 
von Mises formula 
the equivalent shear stress can be calculated at every location. The stress state of the subsurface, at 
the location where the surface pressures are applied, is characterized by a very large hydrostatic 
component. A typical set of results showing part of the subsurface in the vicinity of a contact spot, 
consisting of three loading elements, is given in Fig. 6.2. The calculation of the stresses 
corresponds to the solution for the surface pressures given in Fig. 5.15. The contact spot shown 
in Fig. 6.2 is located at x = 4730 J.1m in Fig. 5.15. 
104 
o 
10 
S 
2:- 20 
N 
50 
60 
Distance from the center of the contact spot, x 
lO72MPa 
150 MPa 
10 MPa 
600 
500 
I 
400 I 
300 
200 
100 
o 
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The solution corresponds to the contact spot located at x == 4730 11m Fig. 5. 
== 222.0 P == 7.04 MPa, V == 0.67 mfs, To == 30°C, Tb == IS0°C, P == 0.3, Material: 390-T6 
From it is seen constant stress can be approximated circles 
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6.2 Subsurface Temperatures 
It is generally acknowledged that the temperature distribution close to a sliding surface can 
be very complex. The temperature gradients may become very steep and can significantly deviate 
from the gradients in the deep subsurface [122]. There are three reasons for this effect. The ftrst 
is the higher thermal resistance due to the constriction. The smaller the real area of contact, the 
higher the constriction resistance becomes. Another reason is the "skin effect", which is due to 
transients with very short duration. As parts of the surface constantly come in and out of contact, 
the local heat fluxes are impulses with high intensity and small duration. The third reason is that 
the thermal properties of the material close to the surface usually is different from the bulk due to 
chemical reactions, and mechanical modiftcation. 
As with the real area of contact, the surface and near subsurface temperatures are very 
difftcult to obtain experimentally. Transparent bodies and Seebeck (thermal voltage) effects have 
been used for the purpose [73,123]. However, both of these methods have very limited 
applicability, as stated in Section 2.5. Hence, the estimates for the surface and subsurface 
temperatures have to rely on thermal models. 
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The most popular of the models is Block's flash temperature concept [41], which has been 
further developed by the theoretical work of Jaeger [124]. The model is based on the analytical 
solution for a point heat source acting on an infinite half-space. Results for circular and square 
stationary and moving heat sources have been derived. This model works very well for 
concentrated contacts. The reason is that the concentrated contact can be associated with a 
macroscopic thermal constriction resistance, which accounts for the major part of the temperature 
rise. The actual distribution of the real contact spots within the Hertzian contact area does not have 
a significant influence on the thermal resistance of the whole contact [19]. Thus, it can be assumed 
that the whole Hertzian contact area contributes to the conduction of heat, which avoids the 
solution of the problem for the actual distribution of contact spots. There is no similar 
approximation for the area contacts. 
Another option is to solve the coupled thermo-mechanical problem of surface interactions. 
However, this leads to very complicated formulations. Before resorting to a coupled thermo-
mechanical model, it is important to estimate the magnitude of the expected thermal effects. This 
can be done with simpler methods. If proven that the thermal effects are small, the mechanical and 
thermal parts of the problem can be decoupled and solved separately. 
A simplified finite element model was developed in this study to evaluate the significance of 
the thermal effects. The input information necessary for the model includes: 
a. Magnitude of the real area of contact 
b. Average size of a contact spot 
c. Average magnitude of the local heat fluxes 
d. Average duration of a contact and average time lapse between successive contacts 
e. Material properties. 
In this study, the information for the real area of contact (Ar) and the width of the contact 
spot (2a) comes from the finite element solution described in the previous chapter. The average 
magnitude of the heat flux is given by: 
- - ( wv)( ) (2a)(2b) q - J.1 rt Ar (6.11) 
where 2b is the average length of the contact spot and- rt is the experimentally obtained heat 
partitioning (Tables 3.2 and 3.3). 
The average duration of the contact is assumed equal to the time necessary for the 
generation of a wear particle with average thickness Ii. This time is also a function of the 
107 
experimentally determined macroscopic wear rate it. After the generation of a wear particle, this 
part of the surface becomes unloaded. It will stay unloaded until the rest of the surface becomes 
sufficiently worn. Based on these assumptions, the average duration of a contact and the average 
time between contacts are calculated as: 
- ii Ar 
t = it An and (6.12) 
The ratio of the apparent to the real contact areas AnI Ar reflects the fact that the local wear 
rate must be significantly higher than the macroscopic wear rate. The calculated duration of a 
contact was compared to results from experimentally observed contact of a steel ball sliding on a 
sapphire [73]. These results suggest an estimated duration of a contact spot on the order of 25 ms. 
This is ten times shorter than the typical results given by Eq. (6.12), based on values of ii, it, and 
AnI Ar given in Table 6.1. It is possible that the time necessary for the generation of a wear 
particle is subdivided into contact periods of shorter duration. These are due to surface waviness 
and surface plastic deformation. These mechanisms are discussed in more detail in Chapter 8. For 
these reasons, the time step in the model was chosen equal to 10 J..ls, which allows much faster 
transients to be covered. Various parameters used as an input to the thermal model are given in 
Table 6.1. 
Table 6.1 - Parameters used in the thermal model 
Parameter Symbol Value Source 
Thickness of the transformed layer* 0 15 J..Ull Fig. 4.1 
Percent real area of contact* A,./Ao 1.1 % Fig. 5.17 
. * Average width of the contact spot 2a 10.7 Jlm Fig. 5.18 
Average length of the contact spot * 2b 4.69mm Eq. (3.8) 
Average width of the affected zone * 21 1000 Jlm 1= a (A,./Ao ) 
Heat partitioning factor* Tt 0.126 Average of Tables 3.2 and 3.3 
Average heat flux per contact spot q 0.832 W EQ.(6.11) 
Average wear rate * h 0.175 Jlmls Fig. 3.12 
Average thickness of a wear particle h :> == 4 J..Ull Figs. 4.1, 4.9 
Average duration of a contact t 0.245 s Eq. (6.12) 
Average time between contacts to 22.6 s Eq. (6.12) 
*These values correspond to W = 222 N, V = 0.67 mls,Ao = 31.67 mm2, Jl = 0.3, Tb = 180°C 
108 
The material properties are by far the greatest unknown. The transformed layer present on 
the surface (Fig. 4.1) may significantly change the thermal gradients in the subsurface. In this 
study, the subsurface of the pin is represented by a two-layered structure. The thermal properties 
of the top layer are deduced from its chemical composition (Table 4.1). Since it consists mostly of 
aluminum oxide, the thermal properties of flame sprayed AI203 coatings [125,126] were used in 
the calculations. The second layer has the thermal properties of the bulk: material, 390-T6 AI. The 
material properties used in the thermal model are summarized in Table 6.2. 
Table 6.2 - Materials properties used in the thermal model 
Parameter Symbol Value Source 
Thermal conductivity of 390-T6 AI k 135W/moK Ref. [27] 
Specific heat of 390-T6 AI CD 900 J/kgOK Ref. [27] 
Density of 390-T6 AI P 2730kglm3 Ref. [27] 
Thermal conductivity of AI20 3 k 25.9W/moK @ 180°C Ref. [126] 
Specific heat of AI2~ CD 937.5 J/kgOK @ 180°C Ref. [126] 
Density of AI203 p 3970kg/m3 Ref. [126] 
Since the contact spots are relatively far from each other (Fig. 5.15), it is reasonable to 
assume that the thermal state of the subsurface in the vicinity of a contact spot is not a function of 
the heat flowing through other contact spots. With these simplifications it is possible to use an 
"onion-skin" model for the thermal state of the subsurface. The representation of the subsurface in 
the model and its division into fmite elements is schematically shown in Fig. 6.4. 
In the model, the finite elements are bounded by isothermal surfaces, with temperatures Ts, 
Tb .. Tn, ... Too, where Ts is the temperature of the rectangular contact patch and Too = Tb is the 
bulk: temperature, just outside the affected zone. These surfaces are semi-elliptical cylinders, 
expressed mathematically by [19]: 
x 2 y2 Z2 
-a""':2 ":""+-c-=-2 + -b2 + -c2 = 1 (6.13) 
where C is the height of the semi-ellipsoid normal to the sliding surface. At heights c > 3a, the 
ellipses become almost circular with radii c. 
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Fig. 6.4 - "Onion skin" model for the thermal state of the subsurface 
in the vicinity of a single contact spot 
Some of the elements fall entirely within the Al203 surface layer. All of the material in 
them contributes to the thermal resistance of the subsurface and to the "skin effects". The larger 
size elements include material from both layers. Since the thermal conductivity of aluminum is 
much higher than the conductivity of Al20 3, it is assumed that all the heat flows though the sector 
of the element which is aluminum, while the Al20 3 of the element is excluded from the 
calculations. Each element, bounded by the ellipsoids with height Ci and Ci+l is characterized by a 
thermal resistance Ri and thermal capacitance Ct. The thermal resistance is: 
if C < 3a and: 
R; = 1 1n Ci+l 
2naJcb Ci 
if C > 3a. The angle ai is calculated as ai = 2acos( 8/Ci). The thermal capacitance is: 
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(6.14) 
(6.15) 
(6.16) 
where Vi is the volume of the material in the element. With these assumptions the subsurface can 
be modeled by an equivalent thermal circuit, as shown in Fig. 6.5. 
q(t) Ts T~ 
... 
Cn-l 
Fig. 6.5 - Equivalent thermal circuit for the "onion skin" model 
The magnitude of the heat flowing into the system is the same as q from Table 6.1. Its 
time dependence can be varied to simulate various contact durations. In this way the time constants 
for the transient effects can be obtained. A typical results from these simulations is shown in Fig. 
6.6. In the figure, the duration of the heat impulses is approximately five times less than the 
estimated duration from Table 6.1. The reason for this is to illustrate better how small the time 
scale of the flash temperature rise is. Even with such short heat pulses, the temperature at all 
depths reaches eqUilibrium at even shorter times. This happens on the order of 0.1 ms. Similarly, 
the contacts cool down very fast after the heat flux is removed. From the figure, it is also clear that 
the flash temperature rises for the conditions of this study are relatively small compared to the bulk 
temperature. Hirst and Lancaster have come to similar conclusions for the dry sliding of brass on 
steel [127]. The flash temperature barely exceeds 15°C compared to a bulk temperature of 180°C. 
The flash temperature effects at a depths between 20 and 100Jlm, where failure typically occurs, 
are in the range 5-10 °C which cannot influence the material properties significantly. 
At a constant PV, the load, and consequently the real area of contact decrease with the 
sliding velocity. However, the total heat generated at the surface remains constant. Thus, larger 
local heat fluxes, and higher flash temperatures are expected when the sliding velocity is increased. 
This is demonstrated in Fig. 6.7, showing the flash temperature rise at 50 Jlm below the surface 
for various sliding velocities and a constant PV = 4.7 MPa mls. 
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Fig. 6.7 - Effect of the sliding velocity on the flash temperature 50 !lm below the surface 
Constant PV = 4.7 MPa mls 
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Although, the flash temperatures are not very high, the temperature gradients close to the 
surface are still much higher than the gradients in the bulk (Fig. 6.8). Hence, the results from the 
model do not contradict the established ideas about temperature distributions close to a sliding 
surface. However, even these high gradients do not produce significant flash temperatures. 
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Fig. 6.8 - Comparison of the calculated and the bulk temperature gradients near the surface 
The gradients correspond to the input data of Tables 6.1 and 6.2 
6.3 Subsurface Strains 
If the functional dependencies of strain and strain rate on stress and temperature at every 
particular location were known, it would be possible to obtain the subsurface strain distributions 
and to provide a better explanation of the experimental results. Unfortunately, there are many 
uncertainties associated with this process. The first is that the material properties close to the 
surface are very different from the bulk. The second is tha,t little experimental data are available for 
the behavior of materials under the conditions found near a sliding surface. 
Differences in the mechanical properties~of near surface layer from the bulk are often 
observed under dry sliding conditions [22,128]. Data for the change of hardness with depth for 
aluminum-silicon alloys are given by Okabayashi [37], Sarkar et al. [33], Somi Redy et al. [39], 
and Perrin et al. [92]. These data show that the hardness of the material close to the surface (10 
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~m or less) can be 2-3 times the hardness of the bulk. Hardness measurements conducted in this 
study at depths of 30 ~m and 5 mm also showed a 2.1 times increase in hardness for the 390-T6 
AI pins, as shown in Table 6.3. 
Table 6.3 - Hardness data for 390-T6 AI at room temperature 
P = 12 MPa, V = 0.67 mis, To = 30°C, Environment: air 
Depth below the surface Hardness, HV Hardness, MPa 
30 Ilm 304 1953 
5mm 145 930 
The stress and temperature conditions near the surface are very different from the typical 
conditions used in the mechanical testing of materials. High strain rates, strains, hydrostatic 
pressures, and temperatures are some of the factors influencing the materials response in a sliding 
system. The plastic flow is constrained by the surrounding elastic materiaL In addition, any 
accumulated residual stresses may be relieved at the elevated tests temperatures. Dynamic 
recrystallization may also occur [129]. Ideally, it would be desirable to know the functional 
relationship between stress, strain, strain rate and temperature for each particular geometrical 
system. 
Recently, stress-strain relationships characterizing the eqUilibrium state of a material 
undergoing dry sliding have been published. Following the work by Alpas et al. [91] who 
obtained data for dry sliding of copper against steel, Perrin et al. [92] have constructed eqUilibrium 
stress-strain curves for two aluminum alloys. The eqUilibrium stress-strain curves reflect a steady-
state condition of the subsurface material. They relate measured average subsurface strains to 
measured subsurface hardness. Both of these measurements are conducted on sections of test 
specimens at room temperature. The validity of the room temperature hardness measurements for 
the generation of these curves is questionable because the measured plastic deformation occurred at 
high bulk temperature when the hardness of the material was lower. However, this inaccuracy can 
be corrected if data about the changes of the hardness with temperature are available. 
As suggested in [92], an empirical relationship which adequately describes the strain 
hardening behavior of aluminum is: 
(1f = (1s - ((1s - (1o)exp(-X8m ) (6.17) 
where m and X are constants obtained from curve fitting, Ojis the flow stress of the material at a 
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given e, (J's is the saturation flow stress (ultimate strength) and (J'o is the initial yield stress at the 
given temperature conditions. Perrin et al. [92] report that the constants m and X are similar for 
various aluminum alloys. For the aluminum-silicon alloy tested in their study these constants are: 
m = 0.65 and X = 0.32 (6.18) 
The same constants were used in this study to construct the stress-strain curves for 390-T6 
aluminum. These curves are shown in Fig. 6.9. The values for (J'o and (J's at room temperature are 
approximated by one third of the hardnesses given in Table 6.3: 
Go = (1/3)H5mm = 310 MPa and (J's = (1/3)H30~m = 651 MPa (6.19) 
The curves at the elevated temperatures are based on yield strength data for 390 AI from reference 
[27]. For these curves it is also assumed that the ratio (J'loo does not change with temperature. 
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Fig. 6.9 - Stress-strain curves for 390-T6 AI at various temperatures 
Unfortunately, the equilibrium curves do not provide any information about the local 
material response in the short duration of a contact.: They cannot be used to calculate the amount of 
plastic deformation accumulated per loading cycle. S~ain rate and frequency effects are also 
excluded. Hence, these curves cannot be used to explain the different response of the materials to 
changes in contact stress and sliding velocity. 
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The loading on a local basis is characterized by stress pulses of short duration and high 
intensity. It resembles impact loading and, therefore, the strain rate effects must be taken into 
account. The strain rate sensitivity of various material is often described by an empirical power 
law relationship [130]: 
(6.20) 
where eo is the strain rate at which Ob was obtained. The constant n characterizes the strain rate 
sensitivity of the material. It is a function of the test temperature and the strain and typically 
increases with both. Values for this constant describing the behavior of various aluminum alloys 
are given in Table 6.4. 
Table 6.4 - Strain rate sensitivity factors for various aluminum alloys 
Material Temperature Strain Strain Rates, Sensitivity Source 
CC S-l Factor, n 
0.1 0.034 
llOOAl 250 0.2 10-5 - 260 0.041 Ref. [131] 
0.3 0.048 
0.4 0.055 
0.1 0.070 
AI-Mg-Si 300 0.2 0.001 - 1.0 0.078 Ref. [132] 
Alloy 0.3 0.084 
0.4 0.086 
356Al 232 0.07 5 x 10-5 - 1.0 0.043 Ref. [133] 
3003-0 AI 260 0.002 5 xlO-4 - 0.5 0.090 Ref. [134] 
425 0.002 5 x 10-3 - 0.5 0.103 
0.2 0.054 
1100-0 AI 200 0.4 0.095 - 212 0.075 Ref. [135] 
0.6 0.089 
1100 Al 250 - - 0.064 Table 2.4 
390-T6 Al 250 - - 0.070 Table 2.4 
350 - - 0.101 Table 2.4 
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The major problem with the relationship given in Eq. (6.20) is that the relative 
independence of the constant n on the strain rate is no longer true at high strain rates. This is 
demonstrated in Fig. 6.10, which shows data for the strain rate sensitivity of 1100 AI. 
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Fig. 6.10 - Strain rate sensitivity of 1100 AI at various strains (from Reference [136]) 
Results similar to those shown in Fig. 6.10 were obtained from dynamic testing of 1100 AI 
at hydrostatic pressures of 2.8 GPa [137]. In these tests, aluminum plates were shot with 
projectiles having various impact velocities. From the figure, it is clear that the power law 
relationship, Eq. (6.20), is obeyed until strain rates of about 100 S-l. Most of the data from Table 
6.4 also fall within this range. However, the local strain rates under dry sliding can exceed this 
value. At higher strains, another empirical relationship provides a better fit of the data 
(1/ =exp( ~) (10 e1 (6.21) 
where £1 is a parameter obtained from the curve fit. 
In this study, relationships (6.20) and (6.21) were built into a numerical procedure for the 
calculation of subsurface strain growth with time. The procedure is essentially a finite difference 
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method. Based on the calculated (elastic) equivalent stress, and setting (if= (ie, the equivalent 
strain rate can be calculated from formulas (6.20) and (6.21): 
. . ( / )1/n Ee = EO (ie (io 
Ee = Elln( (ie/ (io) 
for 
for 
Ee S100 
Ee > 100 
(6.22) 
As evident from Table 6.4, the value of n changes with strain. This dependence must also 
be incorporated in the numerical solution, because even small changes in n produce large 
differences in plastic strain rate. Unfortunately, the data presented in Table 6.4, especially for 390-
T6 AI, are insufficient to obtain this relationship. In this study, n was assumed constant and the 
strain dependence was accounted for by changing the value of(io. In the simulation, (io in Eq. 
(6.22) was substituted by (iffrom Eq. (6.17) This leads to an expression for the strain rate which 
incorporates both the dependencies on strain and equivalent stress: 
(6.23) 
or 
. . In[ (ie ] Ee =El 
(is - ((is - (io )exp( -XEm ) (6.24) 
The values of the strain rate sensitivity factor n and the constants EO and El used in the 
calculation are given in Table 6.5. 
Table 6.5 - Parameters used in the numerical calculations for the subsurface strains 
Parameter Symbol Value Source 
Strain Rate Sensitivity n 0.07 Table 6.4 
Quasi-static test strain rate EO 1.0 x 10-5 Ref.[131] 
, 
Curve fitting constant El 3.6 x 105 Fig. 6.10 
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The shear strain rates in the direction of sliding are calculated from the equivalent strain rate as 
[130]: 
Exy = (3/2)(Ee/Ue)'L Uxy 
EyZ = (3/2)(Ee/Ue)'LUyz 
(6.25) 
where the summation over the shear stresses reflects the influence of more than one contact spot on 
the surface. With the calculated shear strain rates and with a given time step, it is possible to 
compute the development of strains and displacements with time. These calculations are conducted 
with the aid of the [mite difference equations: 
(6.26) 
fl.EyZ = ( EyZ )( &) (6.27) 
(6.28) 
where U/d is the displacement in the y direction (direction of sliding) of the node with coordinates 
(kfl.x,lfl.z). The quantities flx and & give the spacing of the nodes in the x and z (depth) 
directions. From Eq. (6.28) it can be seen that the displacement of each point in the subsurface is 
calculated as an increment over the displacements of its neighboring points. The calculation starts 
at the outer boundary of the plastically deformed zone which is mathematically described by the 
inequality (Ie ~ (10. Clearly, the displacement U is zero at this boundary at all times. The 
calculation then proceeds toward the surface over a rectangular grid of points. In this way the 
strains and the displacements in a single time step can be obtained. Corrections in the value of the 
strain rate sensitivity factor based on the accumulated strain are conducted before the next time 
step. The discretization used in the model is flx = I /lm, & = I /lffi, and fl.t = 10 /ls. A typical 
result from such a calculation, showing the accumulation of horizontal displacements with time at 
several depths, is given in Fig. 6.11. These displacements are for a vertical line directly below the 
contact spot shown in Fig. 6.2. These displacements are representative of the maximum plastic 
deformation encountered in the subsurface in a single contact period. 
From the figure, it is seen that the deformation is accumulated very fast initially and then 
levels off as the sliding proceeds. Therefore, almost the same amount of strain will be accumulated 
for contact periods of various durations, provided that the time of contact is large compared to the 
initial time of fast strain accumulation. The time scale in Fig. 6.11 and the estimates for the 
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duration of a contact period, discussed earlier, indicate that this will probably be satisfied for most 
of the sliding conditions. The conclusion is that the amount of accumulated strain is probably a 
weak: function of the duration of the contact period, but is a strong function of the contact stress 
and subsurface temperature. 
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The calculations are for points directly below the contact spot shown in Fig. 6.2 
Tb = 180°C, Material: 390-T6 AI 
Averaging the displacements over the whole subsurface, gives results which are more 
suitable for comparisons with the experimentally obtained data. The average subsurface 
displacements in the direction of sliding are shown in Fig. 6.12. The subsurface equivalent 
stresses used to obtain the deformation shown in Fig. 6.12 correspond to the contact pressures 
given in Fig. 5.15 and a coefficient of friction J.1 = 0.3. Note that the average displacements are 
much smaller than the displacements directly under a contact spot (Fig. 6.11). This is due to the 
fact that most of the subsurface is only elastically deformed. 
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The subsurface equivalent stresses used to obtain the strains correspond 
to the surface pressures in Fig. 5.15 and J.l = 0.3 
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The displacements shown in Fig 6.12 are "snapshots" of the average displacement at 
several times after the initiation of sliding. The choice of times in the plot provides a logarithmic 
time scale. From the figure, it can be seen that the displacements roughly doubled for each ten-fold 
increase in time. Thus, a logarithmic relationship between the strain accumulated in a single 
contact period and the duration of this period is proposed: 
(lleo) = log(t/to) (6.29) 
where C{) and to are normalizing parameters. This result emphasizes the high non-linearity of the 
strain accumulation process and provides a qualitative explanation of the relative independence of 
the experimentally observed average strains on the sliding velocity for a constant pv. 
Comparing Figs. 6.12 and 4.14 it can be seen that the experimental and the theoretical 
results are at least qualitatively similar. The difference in the time scales for these two plots is 
large. In addition, Fig. 6.12 represents the deformation from a single contact period, while the 
results in Fig. 4.14 represent accumulation of bulk plastic strain from multiple contacts. The 
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generalization from a single to multiple contacts is difficult. The major uncertainty is the changes 
which occur in the material between contacts. The effect of strain hardening may disappear by the 
next contact period due to high temperature and dynamic recrystallization. Clearly, more studies 
on the response of the materials under sliding conditions are necessary to proceed any further with 
the modeling of the processes in the subsurface. 
Figures 6.11 and 6.12 raise another question. If the material can undergo large 
deformations in the direction of sliding, it must also deform significantly in the other directions, 
because the shear stresses in the direction of sliding are only a fraction of the equivalent stress. 
The material directly under the contact may flow downwards and sideways, eventually forming 
bulges on the sides of the contact strip. This vertical displacement may relieve some of the 
pressure over the contact. This mechanism may also shorten the duration of a single contact. The 
shorter duration of a singe contact suggests that multiple contacts are necessary for the formation of 
a wear particle. Actually, this is to be expected if surface fatigue is the dominant wear mechanism. 
6.4 Summary 
The subsurface stresses, temperatures and strains are estimated by applying several 
numerical methods. The stresses are calculated on the basis of the infinite half-space 
approximation and information about the surface pressures and areas of contact. The latter is 
provided by the finite element method for the contact of runned-in surfaces. The transient 
subsurface temperatures are calculated with the aid of a simple finite element model. The strains 
are obtained from a finite difference method and by incorporating empirical relationships from 
literature sources. The results of these numerical solutions are summarized below: 
a. For the conditions of this study, the mechanical and the thermal parts of the solution for 
the subsurface stresses and temperatures can be decoupled. This is due to the local effect of flash 
temperatures. 
b. For the conditions of this study, the flash temperatures are small compared to the bulk 
temperature. This is due to the relatively small heat fluxes and the small constriction thermal 
resistances, typical for the contact geometry used. 
c. The thermal gradients near the surface are higher than the gradients in the bulk. These, 
however, fail to produce significant temperature differences. The effect of increased flash 
temperature due to higher sliding velocity at the" same PV is also small compared to the bulk 
temperature. 
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d. For aluminum, most of the strain accumulated in a contact period occurs early in the 
period. The total accumulated strain is a weak function of the period's duration. If annealing and 
dynamic recrystallization occur between contacts, the accumulated strain will be a stronger function 
of the number of contact periods. 
e. The results for the strain accumulated in a single contact period cannot be generalized to 
account for multiple contacts due to the lack of information for the changes occurring in the 
material between contacts. 
6.S Contributions 
With the exception of Section 6.3, most of the results presented in this chapter are based on 
well established methods and procedures. However, in the literature, there is very little 
information about the local response of the material to high stresses, temperatures, and strain rates. 
This process is very complex and is not well understood. On the other hand, it seems to be central 
to explaining the behavior of materials at scuffing. Clearly, this problem requires further 
investigation. The contribution of the present study to the better understanding of this 
phenomenon is summarized below: 
a. The importance of the strain-rate dependence is revealed. 
When addressing the behavior of materials under sliding conditions, most studies deal with 
eqUilibrium stress-strain curves [91,92]. These do not reveal the actual behavior of the material, 
which is also subjected to very high strain rates. The eqUilibrium stress-strain curves fail to 
explain the accumulation of plastic deformation on a local basis, especially close to the surface. On 
the other hand, the predictions of the simple model based on strain sensitivity, developed in this 
study, are at least qualitatively correct Hence, the strain rate effects must be taken into account. 
b. The relative independence of strain on the duration of the contact period. 
The very strong non-linearity of the strain accumulation curve with time shows the weak 
dependence of strain on the duration of the contact period. This helps to explain the experimentally 
observed constant average subsurface plastic deformation along the PV = const curve. It also 
indicates that the average strain is stronger function of the number of contacts than the duration of 
the contact periods. 
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CHAPTER 7 
EVALUATION OF THE EXISTING HYPOTHESES FOR SCUFFING 
It is generally accepted that, in the fmal stage of scuffing, metal adhesion occurs over large 
contact areas, unprotected by surface films. It is also commonly acknowledged that if the rate of 
protective films destruction exceeds the rate of ftlms formation, the generation of such large 
unprotected areas is inevitable. However, there is a lot of controversy about the mechanisms for 
the generation and destruction of the protective ftlms, which has resulted in numerous hypotheses 
for scuffing. 
In most sliding systems, the surfaces of the contacting bodies are protected against scuffing 
by several layers which may have very different physical and chemical nature. Lubricant ftlms 
generated by hydrodynamic or elastohydrodynamic lubrication may separate the surfaces 
completely. These, if present, represent the first line of defense against scuffing. If the severity of 
the sliding conditions is increased and these fIlms cease to be effective, the protection of the surface 
may rely on fIlms formed by physical or chemical reaction between the surface and the lubricant, or 
a chemical reaction between the surface and the environment, and other chemically active species. 
Finally, in the most severe case, transformed layers formed by oxidation, agglomeration of debris 
and extensive strain hardening may provide protection ~gainst scuffing. This is the last line of 
defense of the material. The destruction of the frrst lines of defense represents only a necessary 
condition for scuffing [64]. The removal of the transformed layer from large portions of the 
surface is the sufficient condition for scuffing. 
The failure mechanism for each of the protective layers can be quite different. The variety 
of scuffing hypotheses is a reflection of these differences. The hypotheses for scuffing can be 
subdivided into two major groups. The first consists of hypotheses mainly based on the 
assumption that scuffing is caused by failure of lubricant ftlms [1-3,76,79,138-139]. These 
hypotheses have serious limitations because the collapse of lubricant fIlms does not always lead to 
scuffing [140]. Depending on the geometry and the conditions, many systems may remain 
operable after such collapse has occurred. In addition, these hypotheses have difficulties 
explaining the effect of the material, which is of primary importance for the scuffing process. 
Clearly , these hypotheses cannot be applied to dry sliding. For these reasons the hypotheses 
based on lubricant ftlm failure are not discussed here. 
The second group of hypotheses assumes that a critical condition on or under the surface of 
the contacting bodies is reached, which leads to surface films or bulk material failure and 
consequently to scuffing. Since temperature, stress, and strain describe the condition of the 
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material at every point on or below the surface, these are the major parameters included in the 
scuffmg hypotheses. Hypotheses based on a critical surface or subsurface temperature are the 
most common [80-84]. Hypotheses based on surface and subsurface plastic deformation have also 
received much attention [6-9,23]. Recently Somi Redy and coworkers introduced a hypothesis 
relating scuffing to a critical subsurface stress condition [16,39]. These hypotheses are considered 
in more detail in the following sections of this chapter. 
Other hypotheses for scuffing are the critical surface energy [45], the critical contact 
pressure [141], and the accumulation of wear debris [14,15] hypotheses. The first of these 
provides a physically plausible explanation of scuffing. However, it is too general and the 
practical difficulties in the evaluation of the energy of engineering surfaces have limited its 
applicability. The critical contact pressure hypothesis contradicts most of the experimental results 
on scuffing. Debris can contribute to scuffmg by causing lubricant starvation [15], or by forming 
agglomerates, which if jammed into the contact may deform plastically and eventually form cold 
welds [14]. On the other hand, the presence of fine debris may facilitate the formation of 
transformed layers. In any case, the role of debris is very system-dependent. For these reasons 
these hypotheses are not discussed in detail below. 
7.1. Hypotheses Based on a Critical Temperature Condition 
The critical surface temperature hypothesis, initially proposed by Blok [41], is probably the 
best known hypothesis which relates scuffing to a critical temperature condition. The major 
assumption of this hypothesis is that scuffing occurs when the surface temperature (Ts) of the 
contacting bodies reaches some critical value (Tc). The critical temperature is assumed independent 
of the operating conditions and contact geometry. It is a function of the materials and lubricant 
properties. In a simplified form, this hypothesis can be represented as: 
Ts = (To + CiJ1AoPV + Tf) ~ Tc (7.1) 
where To is the environmental temperature, {Ct,uAoPV} is the temperature rise due to frictional 
heating and Tf is the flash temperature. In the expression for the frictional heating, J.l is the 
coefficient of friction Ao is the apparent area of contact, and Ct is a constant characterizing the 
thermal dissipation properties of the system. The ~_alculation of the flash temperature is based on 
the analytical work of Block [80] and Jaeger [123] for stationary and moving heat sources over a 
semi-infinite half-space. These analyses links the flash temperature to the friction coefficient, the 
load, the thermal properties, and the surface velocities of the bodies in contact. As discussed in 
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more detail in Section 6.2, the flash temperature rise is due to constriction thermal resistances, heat 
flux transients, and variations in the thermal properties of the materials close to the surface. 
An alternative hypothesis relating scuffing to some critical thermal condition is the critical 
frictional power intensity hypothesis [81]. The criterion used in this hypothesis is the ratio of the 
generated frictional power and the Hertzian area of contact. A lot of experimental work has been 
done to validate these hypotheses [24,25]. The results are controversial, but it seems that most of 
the experimental results are in favor of the critical frictional power intensity hypothesis [15,24, 
82], although both seem to produce similar results. 
The experimental basis for these hypotheses is the observation that scuffing often occurs 
along curves described by the PV = const relationship, which also approximately corresponds to a 
constant surface temperature condition. This relationship seems to hold for a variety of materials 
and contact geometries [24]. The experimental results from this study (Fig. 3.2) also show that the 
1100 Al and 390-T6 Al alloys, when tested in air, scuff at a constant bulk temperature. An 
advantage of this hypothesis is that the effect of the environmental temperature on scuffing (Fig. 
3.3) can be easily explained. Equation (7.1) predicts that the effect of increasing the environmental 
temperature is to decrease the PV at which scuffing occurs, which is exactly what was 
experimentally observed in this study (Fig. 3.3). Geometry effects can be explained on the basis 
of differences in the thermal dissipation constant Ct. However, a more careful examination of 
these results reveals that the predictions of the critical temperature hypothesis are only qualitatively 
correct. A quantitative analysis shows that the surface temperature at scuffing is affected by the 
contact geometry, the ratio of the contact pressure to the sliding velocity for a constant PV, and the 
test environment. Therefore, it is not a material property and cannot be used as a criterion for 
scuffing. Some of the most serious deviations from the constant surface temperature condition at 
scuffing are summarized in Table 7.1. 
The first pair of data in Table 7.1 reflects the dependence of the surface temperature at 
scuffing on the geometry of the specimens. The tests conducted with the smaller diameter pins 
(geometry R44.5) were capable of withstanding almost three times higher contact pressure than the 
larger pins for the same sliding velocity. It was shown in Chapter 5 that the local pressure is not a 
strong function of the load, hence the local pressures for these two geometries are probably 
similar. The sliding velocities are also similar, hence, the local heat fluxes will be approximately 
the same. This is the reason why the flash temperature estimates for these two cases are almost the 
same. However, the measured bulk temperature is quite different which is a consequence of the 
fact that the large pins generate four times more heat for the same PV. This results in quite 
different surface temperatures at scuffing. 
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Table 7.1 - Surface temperature at scuffing for various materials and test conditions 
Material Geometry P V PV To t CtJ.1AoPV * Tf Ts 
MPa mls MPam/s °C °C °C °C 
390-T6A1 R12.7 2.81 2.66 7.47 30.0 240 62 332 
R44.5 8.43 2.79 23.5 30.0 180 59 269 
DHT-3A1 R12.7 12.25 0.33 4.04 30.0 205 4 239 
R12.7 2.99 2.67 7.98 30.0 215 62 307 
1018 Steel R12.7 15.5 0.67 10.38 30.0 320 35 385 
R12.7 5.6 2.67 14.95 30.0 460 130 620 
390-T6A1 R12.7 31.58 0.33 10.42 30.0 234 4 268 
inR134a R12.7 7.01 2.67 18.71 30.0 308 41 379 
t Experimentally measured; * Calculated according to the procedure described in Section 6.2 
The temperature data for DHT-3 and steel result from deviations from the PV = cons! 
curve. These materials tend to fail more easily at high pressures than at high velocities. As 
discussed in Chapter 6, this is probably a consequence of their local stress-strain behavior. Since 
the flash temperature increases with the sliding velocity, the variations in the calculated surface 
temperatures at scuffing become larger than the measured variations in bulk temperature. In fact, a 
critical bulk temperature criterion seems to fit the data better. This is a consequence of the fact that 
scuffing is due to a subsurface rather than a surface material failure. 
The last pair of data in Table 7.1 is for the tests conducted in R134a environment. Because 
of the large deviations from a constant PV curve (Fig. 3.7), the surface temperature at scuffing is 
far from being constant. 
Deviations from the critical surface temperature hypothesis are not typical only for this 
study. Many such deviations are well documented in the literature [15,24,82,142,143]. 
Therefore, many attempts have been made to improve this hypothesis so that it can explain better 
the experimental results. A typical example are the efforts of International Research Group on 
Wear of Engineering Materials (IRG) [53-60]. These studies have primarily phenomenological 
character and have resulted in the generation of emp:irical relationships of the form [53]: 
pnvmTq = C = cons! (7.2) 
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where the constants n, m, and q reflect the relative influence of the contact pressure, the sliding 
velocity and the surface temperature on scuffing. Unfortunately, these relationships are not 
applicable outside of the narrow range of conditions and geometries for which they were originally 
obtained. 
Apart from the deviations from a constant surface temperature at scuffing, the critical 
temperature hypothesis has other serious problems. The major difficulty is that it is 
phenomenological in nature and does not provide a plausible answer to the question why should 
scuffing occur at a constant temperature. Desorption of protective surface layers, formed by active 
species is the most common explanation [4]. Unfortunately, it has quite limited application. There 
have been attempts to extend the desorption concept for surface films formed by chemical 
reactions, including oxidation [144]. The validity of this generalization is questioned by Lee and 
Ludema [52] who argue that all these processes are reaction rate related and therefore time-
dependent. Hence, the dynamics of their formation and destruction cannot be described by a 
simple state equation. Metallurgical transformations due to high temperature have also been 
suggested as a possible mechanism [54]. These have not received convincing experimental 
verification. Finally, melting of the protective layers has been proposed [145]. This mechanism is 
also limited to specific surface compounds with low melting temperatures. 
The second serious difficulty of all critical temperature condition hypotheses is their failure 
to explain the time dependent phenomena, typical for the scuffing process (Fig. 3.5). As "static" 
hypotheses they also cannot explain the observed loading history effects (Fig. 3.6). 
Some of these difficulties are overcome in the competitive oxide formation and destruction 
hypothesis [5] and the thermoelastic instability hypothesis [146,147]. These are discussed 
separately in the following sections of this chapter. 
7.2 Hypothesis for Scuffing Based on Competitive Oxide Formation and Removal 
The competitive oxide formation/destruction hypothesis [5] states that the rates of oxide 
formation and destruction are functions of temperature. A critical temperature condition will be 
achieved if these rates become equal. If the destruction rate is higher, large areas of bare metal will 
be generated and scuffing will occur. Clearly, this is another hypothesis which relates scuffing to 
surface temperature. However, this hypothesis differs from the hypotheses discussed in the 
previous section by its capability to provide an explanation for the physical nature of the critical 
temperature condition. In addition, the difficulty with the time effects is overcome because the 
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kinetics of oxide formation and destruction is a time-dependent process. This hypothesis is equally 
suitable for dry and lubricated contacts. 
In this hypothesis, the rates of oxide formation and destruction are expressed as Arrhenius-
type relations: 
Rr = vrexp( -~T ) (7.3) 
and 
(7.4) 
where Rr and Rf are the rates of oxide removal and formation, Vr and vf are the corresponding pre-
exponential factors, Er and Efare the activation energies, 9l is the universal gas constant and Tis 
the absolute temperature. The scuffing criterion is expressed as: 
(7.5) 
In the model based on the above hypothesis, data for the rate of oxide growth are taken 
from static oxidation tests at temperatures in the range of 140-250°C. The rates of oxide removal 
are obtained from wear tests in vacuum. 
As stated earlier, it is generally accepted that scuffing will occur if the rate of removal of the 
protective surface layers exceeds the rate of their formation. Therefore, hardly anyone will 
question the validity of equation (7.5). However, the determination of the rates for formation and 
destruction begs for criticism. It has been experimentally proven [89] that static oxidation rates 
cannot be used to predict the thickness of the oxide layer in a sliding contact. The results for the 
thickness of transformed layers observed in this study also support this view. Using static 
oxidation rates will predict oxide layer thickness orders of magnitude thinner than layers found in a 
real sliding contact. For aluminum this ratio is about 1:1000. As shown in Chapter 4, oxidation is 
only one of the mechanisms involved in the formation of a transformed layer. The contribution of 
plastic deformation and accumulation of debris is not easy to determine. The validity of equations 
(7.3) and (7.4) is also questionable. Sharp transitions in wear rate are typical for scuffing. These 
transitions are due to a large-scale subsurface" failure. They cannot be correlated to wear 
measurements under less severe conditions, because the wear mechanisms are different. The effect 
of the surface temperature and the universal gas constant on wear is also unclear. It may be 
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possible to describe the rates of formation and destruction through curve fitting of Arrhenius-type 
relationships, but this is a purely phenomenological approach no better than the approach described 
in the previous section. Similar to Block's critical temperature postulate, the actual mechanism 
responsible the transition to scuffing remains unclear. 
Still, the major idea behind this hypothesis remains valid. More experimental and 
theoretical work on the dynamics of transformed layers formation is necessary. 
7.3 Hypothesis for Scuffing Based on Thermoelastic Instabilities 
This hypothesis [146,147] also relates scuffing to a critical temperature condition reached at 
the surface. The suggested mechanism responsible for scuffing is asperity expansion. When an 
asperity comes into contact with the counterface it heats up and expands, which leads to a more 
severe loading, further heating and expansion. This sequence of events mayor may not reach an 
eqUilibrium. If this process becomes unstable, which is determined by some critical surface 
condition, scuffing will occur. 
The experimental basis of this hypothesis is the observed persistence of hot spots on the 
surfaces of bodies in sliding contact. In particular, these hot spots have been observed on the 
surfaces of railroad brakes [148]. For an elliptic contact between cylinders made of the same 
material, the thermoelastic stability condition is expressed as [146]: 
(7.6) 
where W is the transition load above which scuffing will occur, V is the sliding velocity, J1 is the 
coefficient of friction, k is the thermal conductivity of the material, E and v are elastic constants, 
RA and RB describe the curvatures of the cylinders in the point of contact, mt and nt are coefficients 
characterizing the change of shape of the contact due to thermal loading, at is the coefficient of 
thermal expansion, and mh is a constant which relates the load to the size of a Hertzian contact. 
Equation (7.6) shows the major parameters included in the thermoelastic instability 
hypotheses. These are geometrical factors, factors quantifying the amount of heat flowing through 
the interface, elastic and thermal properties of the materials. Equation (7.6) also reveals the serious 
disadvantages of this hypothesis. For example, for a similar contact geometry, load, sliding 
velocity and coefficient of friction, Eq. (7.6) predicts the same scuffing load for all aluminum 
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alloys, irrespective of their composition, because all they have approximately the same elastic and 
thermal properties. This clearly contradicts the experimental findings. In general, any scuffing 
criterion which does not include the plastic behavior of the materials will fail to explain the strong 
dependence of scuffing on factors such as alloy composition and microstructure. This problem is 
addressed in the work of Yang et al. [147] who have included the ratio of the maximum Hertzian 
contact pressure to the yield strength of the material at the bulk temperature (Pr/ao) in their model. 
This approach is also questionable, because the strength of the material at the surface, where the 
events described by this hypothesis are said to occur, is very different from the strength in the 
bulk. 
In general, the correlation between experimentally obtained scuffing data and the 
predictions of the thermoelastic instability hypothesis is poor [146,147]. This hypothesis is also 
"static" in nature and cannot explain time and loading frequency effects. Finally, it contradicts the 
experimental observation that scuffing is caused by subsurface failure. It seems that the 
thermoelastic instability hypothesis does not have any advantages over the much simpler Block's 
equation, while preserving the disadvantages inherent to all critical temperature condition 
hypotheses. 
7.4 The Critical Subsurface Stress Hypothesis 
The critical subsurface stress hypothesis was introduced by Somi Redy and coworkers 
[16,39] to describe the large-scale subsurface failure of aluminum-silicon alloys, which was 
observed at scuffing under dry sliding conditions. This hypothesis assumes that ductile rupture of 
the subsurface is the mechanism responsible for scuffing; It occurs when the shear stress (r) at a 
critical depth under the surface (zc) exceed the temperature-dependent shear strength (Su) of the 
material at this depth. 
(7.7) 
This hypothesis is a major break-through in the scientific view of scuffing. For the first 
time subsurface failure is suggested as the mechanism responsible for failure. The subsurface 
failure mechanism for scuffing is supported by the experimental observations in the original paper 
[16] and also by the findings of the present study, The extensive plastic deformation present at 
scuffing also seems to support this view. This hypothesis is also supported by the fact that the 
stronger aluminum alloys scuffed at higher PVs. The temperature effects can also be easily 
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incorporated in the hypothesis through the dependence of the shear strength on temperature (Fig. 
2.4). 
Unfortunately, the quantitative calculations based on the critical shear stress hypothesis do 
not always correlate well with the experimental data. This hypothesis was experimentally verified 
by conducting scratch tests, in which a steel ball is slid over an aluminum plate [16]. However, 
the data presented by the same authors for the results from a pin-on-disk test aren't convincing. 
This hypothesis seems capable of explaining the data obtained from lubricated scuffmg tests of 333 
Al on 52100 steel [149]. Predictions of the critical subsurface stress hypothesis were also 
compared to data from this study. The shear strength of 390-T6 AI at the measured bulk 
temperature (Fig. 2.3) was compared to the calculated subsurface equivalent shear stresses at a 
depth of 50 Jlm. This depth is approximately equal to the typical depths at which subsurface 
failure occurred, as shown in Figs. 4.9, 4.10, and 4.18. The shear stresses at this depth are 
calculated according to the procedure described in Section 6.1. The solution for the subsurface 
stresses is based on a surface pressure and contact areas distributions obtained from a finite 
element solution, as described in Section 5.9. The surface profiles used as an input to this solution 
were obtained from a constant load test at 95% of the scuffing PV. The values for the maximum 
and average pressures, and the real area of contact for this test were already presented in Fig. 5.17. 
The input data for the solution and other relevant parameters are given in Table 7.2. The results 
from the numerical solution are given in Fig. 7.1. 
Table 7.2 - Input parameters for the verification of the critical stress hypothesis 
Apparent Sliding Measured Bulk Ultimate Shear Shear Yield 
Contact Pressure Velocity Temperature, Tb Strength at Tb Strength at Tb 
10.5 MPa 0.67 m/s 240°C 130MPa 60 -70 MPa 
From Fig. 7.1, it is seen that nowhere in the subsurface of the pin the equivalent stress 
exceeds the shear strength. However, the shear stress is higher than the shear yield strength at 
several locations, which indicates that plastic flow will occur. These results show that the scuffing 
criterion of the critical stress hypothesis is not satisfied anywhere at this depth under the surface. 
An even larger discrepancy between the predictions of the critical stress hypothesis and the 
experimental results can be expected for the smaller size pins, because they scuff at lower bulk 
temperature. 
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Similar to the critical temperature hypotheses, the critical stress hypothesis is "static" and 
cannot explain the time and load-history dependencies. In fact, it can be shown that for the 
majority of operating conditions this hypothesis is equivalent to a critical bulk temperature 
condition. As shown in Fig. 5.15, the average and maximum local pressures are fairly constant at 
a11loads. Therefore, at a constant sliding velocity, the only result from a higher load is the increase 
of the heat flux and, consequently, the bulk temperature. Thus the critical stress hypothesis is 
reduced to a critical bulk temperature condition. However, as shown in Table 7.1, the bulk 
temperature at scuffmg is not constant and cannot be considered a material property. 
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Fig. 7.1 - Equivalent shear stresses 50 J.1m below the surface of a 390-T6 AI pin 
P = 10.5 MPa, V = 0.67 mis, To = 30 °e, Tb = 240 °e, Environment: air 
7.5 Hypotheses Relating Scuffing to Surface and Subsurface Plastic Flow 
It is well known that a large amount of surface and subsurface plastic flow is present at 
scuffing. Surface roughening is also typical. These observations are the incentive for the 
development of hypotheses relating scuffing to some critical amount of plastic flow. 
An early attempt to relate plastic deformation to scuffing is the plasticity index criterion, 
originally proposed by Greenwood and Williamson [6]. According to this hypothesis, scuffing 
occurs when the plasticity index, given by: 
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'P = (E'/H)"'/a/Ra (7.7) 
reaches some critical level. In this equation E is the equivalent elastic modulus, H is the hardness 
of the softer material, Ra is the average asperity tip radius, anda is the composite RMS surface 
roughness of the two bodies in contact. This hypothesis was experimentally verified in the work 
of Hirst and Hollander [7]. Park and Ludema [61] repeated the tests of Hirst and Hollander and 
investigated the validity of Eq. (7.7) for a large range of surface roughnesses, test conditions and 
material properties. Their conclusion is that the predictions of the plasticity index hypothesis 
deviate significantly from the experiments and cannot be used as a scuffmg criterion. 
Another hypothesis, proposed by Bushe and Fedorov [8], relates the dynamics of surface 
plastic deformation to scuffing. This hypothesis includes many parameters which are either 
unknown or hard to obtain experimentally. Therefore, it has not received convincing experimental 
verification. 
Clearly, the surface and subsurface flow is a fairly complex phenomenon and cannot be 
described by simple relationships like Eq. (7.7). Recently, much work was done to obtain a better 
understanding of the plastic flow in a sliding contact [91,92,127]. Advancements in relating 
scuffing to plastic flow were also made. These are primarily due to the work of Ludema and 
coworkers [23,52,61,62,150,151]. In a series of studies they systematically evaluated the validity 
of various criteria for scuffing, including several critical temperature criteria, the plasticity index 
criterion, and the A-value criterion, which relates scuffing to lubricant failure. Their conclusion is 
that none of these criteria is valid, although they may identify conditions for very safe operation. 
The major reason for the inapplicability of scuffing criteria is that none of them accounts for all the 
controlling variables. The missing variables, according to these studies, are the time-dependent 
changes in surface roughness, amount of plastic deformation, and the progression of the 
subsurface towards fatigue failure. Unfortunately, these studies have not yet resulted in a single 
hypothesis where all these variables are taken into account. Instead, three separate hypotheses, 
emphasizing each ofthe above separately, have been proposed. These are discussed in more detail 
below. 
a. Critical surface roughening hypothesis. 
Surface roughening by plastic flow, whether or not there is material loss or transfer is one 
of the proposed criteria for scuffing [52]. However, this criterion is practically impossible to 
apply, because it lacks an adequate reference. Under dry sliding conditions, the surfaces loose 
their original surface finish in a matter of seconds. Depending on the load and the sliding velocity, 
the resulting surfaces may be smoother (if oxidative wear is dominant), or rougher (if fatigue wear 
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prevails) than the original. If the PV is gradually increased, a transition from an oxidative to 
fatigue wear may occur. A corresponding change in surface roughness will follow. Clearly, this 
transition does not indicate scuffing. The presence of surface plastic flow cannot be used as a 
criterion as well. Extensive plastic flow is typical for the dry sliding conditions, even at loads and 
sliding velocities which are far from the scuffing values (Figs. 4.12-4.16). In addition, this 
criterion is not practical for run-time monitoring of scuffing during the test 
b. Critical plastic deformation hypothesis 
In another hypothesis, Xue and Ludema [150] have introduced the concept of a critical 
amount of accumulated plastic strain in the sliding track. The proposed criterion is formulated as: 
ec CTjWV 
-e-o oc ~H=2- (7.8) 
where ec is the critical strain, eo is the ductility of the material in terms of reduction in area at 
fracture, and CTi/H is the ratio of the strength of the surface films to the bulk hardness of the 
material. This is a very interesting hypothesis in view of the observation that scuffing failure is 
indeed related to the damage in the subsurface caused by extensive plastic deformation (Fig. 4.11). 
A major advantage of this hypothesis is its ability to explain time effects based on the concept of 
damage accumulation. Unfortunately, the original paper in which this hypothesis was proposed 
does not contain any experimental data for measured plastic deformation and, hence, proof for the 
validity of this concept. It is also unfortunate that this idea was not pursued any further by 
researchers working in this field. 
It is interesting that support for the critical strain concept comes from studies in another 
field - the investigation of various mechanisms of wear. Following the introduction of the 
delamination theory of wear by Suh and coworkers [63], the attention of many researchers has 
shifted from the surface to the subsurface [91,92,127,152,153]. The promising concept of 
subsurface damage accumulation as a function of plastic strain and strain-rate was introduced [91]. 
Kuhlmann-Wilsdorf [153] has suggested that delamination of surface layers occurs when a critical 
level of shear plastic strain is reached. The proposed expression for the average shear strain in the 
deformed zone is: 
r= (S/Ao)..jWN/H (7.9) 
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where S is the distance slid, Ao is the apparent area of contact, N is the number of contact spots, W 
is the load and H is the hardness. It is a common assumption that the number of the contact spots 
is proportional to the applied load W: 
N=1]W (7.10) 
where 1] is a constant of proportionality. Substituting S = Vt and W = AoP gives: 
r = (PV)(t)-V1]/H 2! rc (7.11) 
where Yc is the critical strain. The above expression can be rearranged, resulting in the following 
criterion: 
PV2! rc 
t.J1]/H 
(7.12) 
Although this hypothesis was intended to explain delamination wear, the same idea may be 
applied to the destruction of protective surface films which, depending on the severity of the 
conditions, may lead to scuffmg. 
Equation (7.12) has the PVon the left-hand side and some material properties on the right-
hand side. However, this relationship cannot explain the experimentally observed PV = const due 
to the explicit functional dependence on time. According to this expression, scuffing will always 
occur once conditions for subsurface plastic flow are generated. This contradicts the experimental 
observation that scuffing-free operation is possible in spite of the large amount of subsurface 
plastic deformation. This shortcoming is a consequence of the fact that Eq. 7.9 is an over-
simplification of the complex process of accumulation of plastic deformation. 
c. Subsurface fatigue hypothesis 
A pioneering approach proposed by Kim and Ludema [62] relates scuffing to low cycle 
fatigue. In their study, the low cycle fatigue properties of 4340 steel are correlated to results from 
scuffing experiments. The approach is purely phenomenological. The mechanism relating fatigue 
properties to scuffing is not discussed. This is quite unfortunate, because a hypothesis based on 
fatigue is capable of explaining most of the experimentally observed relationships in this study, 
including the time and loading history dependencies. It is also supported by the presence of deep 
cracks in the subsurfaces of specimens undergoing scuffing. This hypothesis has difficulties in 
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explaining the fatigue damage in stationary bodies (the pin in the experimental setup of this study), 
because in this case, the concept of cycles is not well defined. No criterion based on this 
hypothesis has been published in the literature. 
7.6Summary 
Due to the complexity of the scuffing phenomena, researchers have taken various 
approaches in explaining and modeling scuffing, which has resulted in a large number of 
hypotheses. Those applicable to sliding under dry conditions are considered in this study. The 
first approach relates scuffing to a critical temperature condition. The second postulates that 
scuffing occurs when the shear stress at a critical depth in the material exceeds the shear strength. 
The third relates scuffing to damage caused by extensive plastic deformation. The predictions of 
these hypotheses are compared to experimental observations obtained in this study and to results 
from models of surface interactions. Based on this comparison, the following conclusions can be 
made: 
a. None of the existing hypotheses and criteria for scuffing can explain adequately all the 
experimental results and observations. 
b. The hypotheses relating scuffing to subsurface plastic deformation and subsurface 
fatigue are the most promising. They are supported by the experimental results and by the 
observations of subsurfaces undergoing scuffing. These hypotheses can explain the time effects 
based on damage accumulation. However, none of these have been developed in enough detail to 
serve as a scuffing criterion. In their present state, these hypothesis do not go beyond 
phenomenological correlations. There is no single hypothesis which combines the effects of 
subsurface plastic deformation and subsurface fatigue. 
c. The hypotheses relating scuffmg to a critical thermal condition are phenomenological in 
nature and do not provide an explanation for the mechanism of scuffing. These hypotheses 
consider a "static" state of the material and cannot explain time and load history effects. 
d. Block's flash temperature concept deviates from the experimentally observed data. The 
results from this study show that the surface temperature at scuffing is not a material property and 
cannot be used as a criterion. It is dependent on the geometry, the loading conditions, and the 
environment 
e. The competitive oxide formation and destruction hypothesis is also phenomenological 
and in its present form cannot describe adequately the complex dynamics of protective films 
formation and destruction. However, if this dynamics is understood, this hypothesis has a strong 
potential to describe the events at scuffmg. 
137 
f. The thermoelastic instability hypotheses have difficulties explaining the effect of the 
mechanical properties of materials on scuffing. Results based on these hypotheses correlate poorly 
with the experimental data. 
g. The critical shear stress hypothesis is a pioneering approach relating for the flrst time 
scufflng to subsurface failure. However, it cannot explain the time and load history effects. Its 
criterion for subsurface failure is not satisfied for the results of this study. The shear stresses at the 
critical depths are not high enough to cause the predicted bulk shear failure. 
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CHAPTER 8 
PROPOSED HYPOTHESIS FOR SCUFFING 
As stated in the previous chapter, none of the existing hypotheses and criteria for scuffing 
can explain all the experimental results and observations obtained in this study. On the other hand, 
the most promising concepts of critical subsurface plastic accumulation and subsurface fatigue have 
not been developed in enough detail to serve as a basis for a scuffing criterion. Recent advances in 
understanding the material behavior in sliding systems have not been incorporated into a scuffing 
model. Therefore, a new hypothesis for scuffing which aims at overcoming some of these 
problems is proposed in this study. The hypothesis is a combination and a generalization of the 
critical strain and the subsurface fatigue hypotheses. 
A criterion for scuffing based on the proposed hypothesis is also developed as a part of this 
study. The criterion involves several functional relationships between the macroscopic loading 
parameters, the local stresses and temperatures, and the local material properties. Some of these 
relationships are very complicated and cannot be represented in a closed form. In the scuffing 
criterion, these functions are simplified to allow the representation of the criterion as a single 
mathematical formula. 
The proposed criterion is evaluated based on its capability to explain the experimentally 
observed phenomena. The explanations are qualitative due to the lack of information about the 
behavior of the tested materials under sliding conditions. It should be emphasized that the 
proposed hypothesis is based on the evaluation of a few materials under dry sliding conditions. It 
is possible that this hypothesis may not be applicable to other materials or operating conditions. 
8.1 Description of the Proposed Hypothesis for Scuffing 
The hypothesis for scuffing, proposed in this study, states that the accumulation of plastic 
deformation and fatigue damage in the subsurface is responsible for scuffing. Although 
subsurface fatigue is widely recognized as one of the major wear mechanisms, the possibility that 
the same process could be responsible for scuffing has not been investigated in much detail. This 
possibility was addressed for the first time in a study by Kim and Ludema [62]. They proved that 
there is a good correlation between scuffing of steel/steel contacts under lubricated conditions and 
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low cycle fatigue. However, they did not develop this idea any further and did not provide a 
description of the mechanism of scuffing. 
The experimental observations of the present study indicate that the mechanism responsible 
for scuffing may be similar to the mechanism responsible for delamination wear. Observations of 
subsurfaces of worn specimens and wear debris (Figs. 4.1, 4.9) show that the average thickness 
of wear particles generated by delamination is several times smaller than the depth of the layer 
affected by plastic deformation. Since damage is accumulated in the whole plastically deformed 
layer, cracks may initiate and propagate simultaneously at different depths. This is clearly seen in 
Fig. 4.9, which reveals several systems of cracks at different depths. The accumulation of damage 
close to the surface is responsible for wear, while the accumulation of damage further from the 
surface is responsible for scuffing. The possible existence of two critical depths for damage 
accumulation has also been demonstrated by a theoretical analysis [152]. 
As shown in Chapter 4, modified layers of various thicknesses and properties exist in dry 
sliding contact. They prevent large-scale adhesion between the surfaces. Scuffing can occur only 
if these protective layers are removed. In the proposed hypothesis, the removal of these layers and 
the subsequent formation of cold welds occurs according to the following sequence of events: 
a. Accumulation of plastic deformation in the subsurface. 
The contact of rough surfaces is characterized by uneven pressure distribution. Even at 
low loads, the local pressures may be high enough to cause plastic deformation both on and under 
the surface. As various parts of the surface come into contact, plastic deformation will occur in 
increasing number of locations, and finally the whole subsurface will be plastically deformed. The 
plastic deformation accumulates with time. This process is controlled by the local temperatures, 
stresses, and material properties, as discussed in Chapter 6. 
b. Nucleation of cracks and voids. 
If the amount of subsurface plastic deformation becomes large enough, cracks and/or voids 
will nucleate at inclusions or intersections of shear bands. The mechanism of crack nucleation at 
inclusions is either by decohesion, or by fracture of brittle particles. The nucleation of cracks is 
assumed to occur at a critical plastic strain level. 
c. Propagation of cracks. 
The presence of cyclic loading is a necessary condition for crack propagation. Although 
the macroscopic load may be constant, the load on a local scale is always cyclic. The local cyclic 
load is due to the discontinuous character of the wear process, the waviness of the sliding surfaces, 
and plastic flow at the points of contact. The combined effects of shear traction, compressive 
hydrostatic stress and materials properties gradient in the subsurface result in localization of the 
damage at one or more critical depths below the surface. Under the local cyclic loads, the cracks 
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grow parallel to the surface, finally resulting in the removal of the layers above them. The relative 
depth of the cracks below the surface determines whether this process will take the form of 
delamination wear or scuffing. Cracks, which propagate within the modified layer, are responsible 
for delamination wear. In this case, the layer is not completely destroyed, and the surface is still 
protected against severe adhesion. On the other hand, cracks propagating deeper than the thickness 
of the protective layer may cause its complete removal, resulting in the generation of 
macroscopically large areas of bare metal. The critical depths at which cracks propagate the fastest 
are determined by a combination of the loading conditions, subsurface strength gradients in the 
material, and the ratio of the equivalent to the hydrostatic stresses. 
d. Formation of cold welds. 
The exposed bare metal easily forms cold welds when it comes into contact with the 
counterface. The exact mechanism by which exposed areas come into contact with the counterface 
depends on geometrical factors. For the conditions of this study, the removal of parts of the load 
bearing surface by fatigue increases the load over the rest of the surface. This leads to even faster 
removal of the remaining parts of the load-bearing surface. This process becomes unstable, self 
accelerates and leads to the removal of protective ftlms from the whole surface, which then adheres 
to the counterface. This is the final stage of scuffing. 
8.2 Proposed Criterion for Scuffing 
The criterion for scuffing based on the above hypothesis states that scuffing occurs when 
the damage accumulation time (td), necessary for initiation (tj) and propagation (tp) of subsurface 
cracks is shorter than the time (th) necessary for the damaged material to leave the critical zone. 
The limited time for damage accumulation reflects the fact that, due to wear, the damaged material 
changes its position relative to ta fixed reference frame and gradually leaves the zone where the 
conditions are the most severe. This criterion can be expresses as: 
(8.1) 
The initiation time is assumed to be a function of the average local strain in the vicinity of a 
contact spot (e), the critical average macroscopic strain necessary for crack initiation (ec), and the 
frequency of contacts in which plastic deformation occurs (fp). The propagation term is assumed 
to be a function of the average extension of the cracks per loading cycle (M), a critical crack 
length after which unstable crack growth occurs (ac), and the frequency of loading cycles (lc). The 
critical average macroscopic strain and the critical crack length are material properties at the given 
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temperature. They are related to the ductility and to the fracture toughness of the material. The 
amount of local plastic strain is a function of the local stress, temperature, and stress-strain-strain 
rate relationships. Similarly, the average crack extension is a function of the local stress intensities 
and material properties. For given material properties, contact geometry, and surface roughness, 
the frequencies Ip and Ie are functions of the applied apparent contact pressure and the sliding 
velocity. 
The above criterion does not need to be satisfied for the whole subsurface. Failure is 
assumed to occur if it is satisfied at a single critical depth under the surface. This assumption is 
based on the micrographs of subsurfaces given in Figs'- 4.9-4.11, which show that most of the 
damage is concentrated in a relatively narrow band of material. 
The proposed criterion for scuffing, as given in Eq. (8.1) is too general. The major 
difficulties for its application are the uncertainties associated with the functional dependencies of 
the parameters included in it. These functional relationships are discussed in more detail in the 
following sections of this chapter. 
8.3 Simplifying Assumptions for the Scuffing Criterion 
The simplifications necessary for the construction of a scuffing criterion involve 
assumptions for the interaction of rough surfaces, the distribution of subsurface pressures and 
temperatures, and the generation of wear particles. 
a. Representation of rough surfaces. 
In the simplified model, the surfaces of both bodies in contact are represented by sets of 
long rectangular strips, as shown in Fig. 8.1. The longer side of the strips is parallel to the 
direction of sliding. The strips have the same width (s) and length (2b), but variable height relative 
to a datum line. The area of each strip is.4. This is a good approximation of surfaces which are 
subjected to unidirectional sliding, as are the surfaces in this study. This representation can also be 
conveniently related to actual digitized surface profiles, taken perpendicular to the direction of 
sliding. The height of the strips corresponds to the z-coordinate of the points from a datum center 
line, while the sampling interval in the x-direction determines the width of the strip. Thus, every 
area of interest can be represented as an integer multiple of .4, as shown in Fig. 8.1. The real area 
of contact is given by A, = N.4 where N is an integer number. Let the average local contact 
pressure over all contact spots be ]5. Then, the contact load can be expressed as: 
142 
A 
W=NAp or W=A,p (8.2) 
The actual width of the contact spots, as determined with the finite element method 
described in Chapter 5, is between 5 and 20 J.11ll (Fig. 5.17) with an average of about 10 J.lm. 
Since the sampling interval used to obtain the surface profiles of the contacting surfaces was s = 5 
J.lm, it is reasonable to assume that the contact spots have areas between.A and 4.A with an average 
of 24. 
Direction of Sliding 
Fig. 8.1 - Representation of rough surfaces in contact 
b. Idealization of the subsurface. 
The subsurface is idealized by semi-elliptical regions of plastically deformed material in a 
large elastic matrix (Fig. 8.2). The equivalent stresses within each region are uniquely determined 
by the contact pressure applied on a surface strip of area 2a x 2b, and by a constant coefficient of 
friction (J..l). The size and shape of the regions is determined by the equation: 
O'e(X,Z) = O'o(T) (8.3) 
where C1Q(1) is the temperature-dependent yield strength of the material. The assumption for the 
semi-elliptical shape of the region is based on the -observed stress distributions in the vicinity of a 
contact spot (Fig. 6.2). The state of stress in each region is assumed to be independent of the 
stress in other regions. This assumption is realistic, because, as shown in Fig. 5.15, the contact 
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spots are relatively far from each other. The equivalent stress within the region is linearly 
proportional to the local contact pressure p. It is further assumed that the average contact pressure 
over all the regions is the same and equal to p. 
Lines of Constant 
Equivalent Stress 
21 
Fig. 8.2 - Idealization of the subsurface 
The shaded areas represent regions where the equivalent stress exceeds the yield strength 
Note that the estimates for the equivalent stresses are based on an elastic response of the material 
c. Assumption for the real area of contact. 
The real area of contact Ar is assumed proportional to the contact load W. This assumption 
is based on the results given in Fig. 5.17, which shows that this relationship is true for a broad 
range of loads, including the conditions immediately before scuffing. This relationship can be 
expressed as: 
Ar = fJ(W/E') , Ar = fJ(PAo/E'), NA = fJ(PAo/E'), or N = P(fJAo/E A) (8.4) 
where the load is normalized by the equivalent elastic modulus E', N is the number of contact 
strips, and fJ is a constant. The elastic modulus is chosen as a normalizing factor, because the 
solution for the area of contact given in Fig. 5.17 is based on a fully elastic response of the 
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material. The deformation of the surfaces and consequently the size of the real area of contact are 
functions of E'. The constant f3 is determined by fitting a straight line through the data points for 
the real area of contact given in Fig. 5.17. For the conditions of this study, and for 390-T6 Al 
sliding on 10 18 steel, the values of f3 and E are: 
f3 = 84.8 and E' = 57.8 X 103 MPa. (8.5) 
d. Assumption for the local contact pressure. 
The average local contact pressure p is assumed independent of the load W. The sole 
effect of increasing the load W is to increase the number of contact spots. This assumption is also 
based on the results shown in Fig. 5.17, which indicate that both the average and the maximum 
local pressures are weak functions of the load. 
e. Assumption for the wear mode. 
The wear mode is assumed to be subsurface fatigue. This assumption is consistent with 
the experimental observations of this study. The wear process on a local scale is discontinuous, as 
shown in Fig. 8.2. Sliding proceeds for some time i before a wear particle is generated. When 
this happens, the load is taken by other parts of the surface, the stress within the region becomes 
zero, and the process of subsurface damage accumulation stops until the next loading period. It is 
assumed that the size of the wear particle is 2a x 2b x Ii, where Ii is the average thickness of the 
particle, as shown in Fig. 8.2. It is also assumed that wear obeys Archard's law, which states that 
the volume worn is linearly proportional to the contact load and the sliding distance and inversely 
proportional to the hardness of the material. The same law gives the relationship between the wear 
rate h and the PVas: 
h=(K/H)PV (8.6) 
From the wear results presented in Figs 3.11-3.13, it can be seen that this indeed is the 
case. On a local scale this relationship becomes: 
Ii = (K/H)pVi (8.7) 
or 
Ii = (K/H)(Ao/Ar )PVi (8.8) 
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f. Assumption for the subsurface temperature. 
The subsurface temperature is assumed constant and equal to the measured bulk 
temperature. The reason for this assumption is the results from the thermal finite element model 
given in Section 6.2. These results show that, for the conditions of this study, the flash 
temperatures were small compared to the bulk temperature and could not significantly affect the 
mechanical properties of the material. In general, even if the flash temperature is large, its 
relevance to the relatively deep (50-80 l..Im) subsurface failure, which is the reason for scuffing, is 
questionable. It is expected that most of its effect will be filtered out at this depth. 
8.4 Initiation of Cracks 
At large plastic deformations of the matrix, voids are generated next to second-phase 
particles or at the intersection of shear bands. Large plastic flow also causes fracture of silicon 
particles in the aluminum-silicon alloys. These are the reasons for the assumption that a critical 
amount of plastic flow is a sufficient condition for crack initiation. This condition can be 
expressed as: 
(8.9) 
where e is the average plastic strain at a critical depth under the surface and ec is a material property 
at the given bulk temperature. The average strain in the subsurface is the result of the contributions 
of the strains in the individual plastic regions shown in Fig. 8.2. 
Since plastic deformation is generally dependent on the whole previous deformation 
history, the strain at a point in the subsurface is not uniquely determined by the state of stress at 
this point. As discussed in Section 6.3, the problem is further complicated by dynamic recovery 
and recrystallization. This makes the stress-strain-strain rate interactions in the subsurface very 
complicated and virtually impossible to describe with a simple equation. Simplifying assumptions 
have to be made. 
The assumption made in this study is that dynamic recovery and recrystallization do not 
occur. After an initial deformation, the strain at each location remains constant until the next 
contact period. If the stress in the next period is higher than the stress corresponding to the already 
accumulated strain, further deformation will o~cur. In each successive contact period the 
deformation will be smaller until an equilibrium is reached. The experimental results given in 
Chapter 4 and results reported in the literature [91,92] indicate that the subsurface strain indeed 
reaches an eqUilibrium after certain period of sliding and does not increase any further. In 
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particular, for 390-T6 Al sliding at 80% of the scuffing PV, this equilibrium is reached in 
approximately five minutes. At 97% of the scuffing PV, the equilibrium is reached in less than a 
minute. More ductile materials may need longer times, as seen from the work of Alpas et al. [91]. 
There are two reasons for this equilibrium condition. The rust is that the material strain hardens. 
The second reason is that a dynamic equilibrium is reached between the accumulation of strain and 
relative motion of the material toward the surface due to wear. The existence of an eqUilibrium and 
the relatively short time period in which this occurs are the reasons for the above assumption. 
The strain within a plastically deformed region is non-uniform. It is a function of the 
position within the region. Therefore, it is convenient to work with a quantity which describes the 
average strain accumulated at a certain depth z over the whole plastically deformed region. This 
quantity is expressed as: 
1 I 
Ei(Z) = -2 f[ Ei(X,Z) - Ei-l (x, z)]dx 
a_I 
(8.10) 
Equation (8.10) shows that the new strain accumulated in a contact period is the sum of all 
strain increments of all the points along the line Z within the region. The integration bounds are 
given by the largest width of the plastically deformed region (2l), as shown in Fig. 8.2. The index 
i indicates the numbers of the contact periods. The strain e(x,z) at each point along the integration 
path can be obtained from Eq. (6.17), by setting C1f= C1e . The latter, in tum, is linearly 
proportional to the applied surface pressure p. The average plastic strain accumulated over the 
whole subsurface for the i-th time period is: 
Ei = Ei(Ar/Ao) (8.11) 
According to the above equations, the average strain rate in the subsurface will grow with 
time as fresh surface strips come into contact. However, according to the assumptions made 
above, it will stop growing when all of the strips shown in Fig. 8.1 have been in contact once. 
The time (ta) necessary for the accumulation process to stop is given as: 
ta = t(Ao/Ar) (8.12) 
where t is the average time of a single contact period. If the accumulated strain in the subsurface 
at the end of the period ta is smaller than Ec, voids and/or cracks will not initiate and the sliding will 
continue infinitely without scuffing. However, cracks may initiate at some time ti before the strain 
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hardening of the whole subsurface is completed. If cracks have not originated by the time the 
equilibrium condition is reached, they are not likely to form afterward, because it was assumed that 
there will be no further accumulation of plastic strain. The rate of strain accumulation within the 
time ta is not uniform. This can be demonstrated with the aid of Fig. 8.3. Right after the initiation 
of sliding, the plastically deformed regions will rarely overlap due to the relatively iarge spacing 
between the individual contact spots. This is indicated by the regions with numbers 1,2, and 3 in 
Fig. 8.3. In this initial period of sliding, strain will accumulate fast, because the strain increments 
at all locations are large. As sliding proceeds, more overlaps will occur and the strain increments 
will decrease. It will eventually stop when the whole subsurface strain-hardens sufficiently. 
1 6 4 2 7 5 3 
z 
Fig. 8.3 - Overlapping of plastically deformed regions and gradual accumulation of strain in the 
subsurface. The numbers indicate the sequence of contact periods 
With the aid of Eq. 6.17 and the results for the surface pressure distributions it is possible 
to illustrate the strain accumulation process. A stochastic numerical algorithm which applies 
contact pressures randomly on various locations on the surface was used for this purpose. The 
statistical distribution of the surface pressures used in the simulation was the same as the 
distribution given in Fig. 5.19. A typical result from this simulation is given in Fig. 8.4. The 
calculations are based on two depths, corresponding to a z of 25 and 35 J..U1l. The duration of the 
individual contact period is taken from Table 6.1. The results in Fig. 8.4 once again indicate that 
accumulation of plastic deformation is a very non-linear process. The relatively small difference in 
the depth below the surface results in significant difference in the average subsurface strain. It 
should be emphasized that Fig. 8.4 is just a qualitaJive illustration of one possible mechanism for 
reaching an eqUilibrium in the average subsurface plastic deformation. The actual process is far 
more complex. 
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Generalizing Eq. (8.11) for a period of sliding with a duration t gives: 
e = (t/l)Iei = (t/l)(ArlAo}IEi (8.13) 
If the plastic strain given by the above equation exceeds the critical strain, cracks will form. 
Substituting t for ti and e for ec, and solving for ti gives the expression for the initiation time: 
e Ao' ti = c_1 !Ei AT 
Substituting (A/Ao) from Eq. (8.4) and 1 from Eq. (8.7) into Eq. 8.14) gives: 
t- - eJiHE 1 
1- Kfi/3!ei PV 
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(8.14) 
(8.15) 
8.5 Propagation of Cracks 
Once initiated, cracks may propagate even if the stress is below the plastic limit. A 
necessary condition for crack propagation is that the stress intensity amplitude is higher than some 
threshold value. Another necessary condition is the presence of cyclic loading. For the test 
geometry chosen in this study, the loading on the aluminum pin on a macro-scale is approximately 
constant. Therefore, loading cycles cannot be easily identified. However, on a local scale the 
loading is cyclic. Two factors contribute to the cyclic load. Wear is the first. With the 
progression of wear, the load over a contact spot decreases and finally disappears as other parts of 
the surface come into contact. Conversely, when the rest of the surface is sufficiently worn out, 
the same contact spot will be loaded again. The second factor is the waviness of the counterface 
(disk) in the direction of sliding. 
a. Cyclic loading due to wear. 
From equation (8.7), the average time necessary for the generation of a wear particle of 
thickness h is: 
- - H 1 t=h--KjjV (8.16) 
During the same time interval, wear particles will be generated from all the N contact strips 
of the real area of contact A, = NA. Let lo be the time between successive loading of the same 
contact strip. This time is equal to that necessary to reach the same wear depth h over the rest of 
the surface given by Ao - NA. Then, the ratio lolt will be given by: 
A 
t2 = Ao -}VA = Ao - A, = Ao -1 
t NA A, A, (8.17) 
The total time of one loading cycle, tc, then becomes: 
tc = to + l = {AoIA,)t (8.18) 
Substituting for t from equation (8.16) gives: 
- _ - _ (Ao )(hH 1) _ ( Ao Y fiB) _ (fiH) 1 tc-{AoIA,)t- A, Kjj V - A,pA. K - K PV (8.19) 
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Hence, the frequency of loading cycles due to wear at a given temperature will be proportional to 
the PV. The number of loading cycles due to wear Nw in a given period of time tis: 
Nw =pvt(L)=!=!t hH h h (8.20) 
Equation (8.20) provides a simple formula for the calculation of contact periods, provided 
the average wear rate and the average thickness of a delamination wear particle are known. 
b. Cyclic loading due to surface waviness of the disk. 
The surface features on worn disks and pins are strongly anisotropic. As shown in Section 
5.4, the surface of the pin can be assumed to be truly one-dimensional. However, the surface of 
the disks, although anisotropic, is two-dimensional. The profiles taken on eight equidistant 
locations on the surface of the disk show variations in height, as shown in Fig. 5.3. These 
variations are further illustrated in Figs. 8.5 and 8.6. Figure 8.5 shows the position of the eight 
transverse proftles on the surface of the disk. Several concentric circles, intersecting these proftles 
are also shown. The vertical (z) coordinates of these intersection points are given in Fig. 8.6 
which illustrates the waviness of the disk in the direction of sliding along the circles given in Fig. 
8.5. These coordinates are negative because they lie below the original surface of the disk due to 
wear. 
The x-direction distance of the 
transverse profiles is measured 
from the starting line 
The seven concentric circles 
denoted as 500J..lID ... 6500J.UIl 
represent paths along the 
direction of sliding 
Fig. 8.5 - Schematic of transverse proftles and concentric paths along 
the direction of sliding on the surface of the disk 
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It is clear that, if the number of profiles is increased, the longitudinal representation of the 
disk surface will be more complete. However, even with eight data points along each line, the 
two-dimensional nature of the surface of the disk is clearly revealed. Variations in height along the 
direction of sliding produce variations in the surface and subsurface stresses. Hence, a point on or 
below the surface undergoes cycles of loading and unloading. The duration of these cycles is 
inversely proportional to the sliding velocity V. 
0 
-1 
-2 
-3 
~ -4 
!'oS 
-5 
-6 
-7 
-8 
0 1C14 1C/2 31C14 1C 51C/4 31C/2 71C14 21C 
Angular Position 
Fig. 8.6 - Longitudinal waviness of a disk along seven equally spaced concentric circles 
The deviations from perpendicularity of the disk surface to the axis of rotation may also 
contribute to the cyclic loading of the pin surface. The duration of these cycles is inversely 
proportional to the RPM and, hence, to the sliding velocity V. 
Rough estimates based on experimentally measured wear rates and wear particles 
thicknesses show that the duration of an average loading cycle due to wear (Table 6.1) is larger 
than the duration of a loading cycle due to disk waviness (tw). According to these estimates several 
revolutions of the disk are necessary to produce a wear particle from a given location on the pin. 
The number of cycles due to disk waviness within one loading cycle due to wear is determined by 
the ratio cp = lJlw. Both of these times are inversely proportional to V, hence, the number of 
loading cycles due to waviness (cp) within one cycle due to wear is constant. Including the effect 
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of the disk waviness in equation (8.20), the total number of cycles on the pin (Nc) due to both 
wear and waviness becomes: 
it Nc = cpNw = cp=t h or _ (CPK) Nc -PVt liB (8.21) 
The local cyclic loading due to wear and disk waviness is illustrated in Fig. 8.6. In the 
figure, the cyclic histories for two combinations of P and V for the same PV are shown. The 
duration of contacts for these two cases is based on the predictions of Eq. (8.7). From the figure, 
it is seen that the number of cycles is the same for the two combinations. The duration of the 
contact period is longer for the higher load. These longer cycles can be expected to cause more 
damage. However, as stated in Section 6.3, the process of damage accumulation is very non-
linear and it is possible that approximately the same amount of damage will be caused by these two 
loading histories. 
P =2P; V = V 1 1 
Time 
(a) 
P =p. V =2V 
2 ' 2 
(b) 
Fig. 8.7 - Schematics of a cyclic loading due to wear and disk waviness for a constant PV 
(a) PI = 2P; VI = V, and (b) P2 = P; V2 = 2V 
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Let Ali be the average extension of a crack per loading cycle, and ac be some critical crack 
length after which the crack propagates unstably to failure. The subsurface cracks grow in Mode II 
and Mode III under combined compressive and shear stresses. Linear elastic fracture mechanics is 
not applicable to the present study due to the large amounts of plastic deformation in the 
subsurface. Therefore, it is unknown whether under these conditions, Ali, N c and p can be 
related by Paris's-type law. If a steady state crack propagation is possible, the crack length will be 
given by NcAli. Substituting for Nc from Eq. (8.21) gives: 
( ((Ali) a = NcAa = PVt qJhH (8.22) 
Substituting a by ac gives an expression for the propagation time: 
_(hHac ) 1 
tp - qJKAa PV (8.23) 
At a given temperature, test geometry, and material properties, the parameters in the brackets are 
constants. Hence, the propagation time will be inversely proportional to the pv. 
8.6 Critical Depth 
The experimental observations of subsurfaces, given in Chapter 4, reveal that damage is 
not accumulated uniformly in the subsurface, but is concentrated in a relatively narrow band at 
some depth under the surface (Figs 4.9-4.11). This depth for 390-T6 aluminum is in the range 50-
80 l..Im. The question is, why does the damage occur preferentially at some depth if the equivalent 
stress (Fig. 6.1) is the highest at or very close to the surface. 
This question has been addressed in the work of several researchers [16,91,152-155]. 
Two approaches have been used. Rosenfield [154] has developed a fracture mechanics model in 
which a crack propagates in the subsurface under combined shear and compression. There is 
internal friction between the faces of the crack which retards its propagation. The stress intensity is 
expressed as: 
KII = f( C1ry - j.lC1r ) (8.24) 
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where u r is the normal compressive stress across the faces of the crack, Ury is the shear stress 
driving the crack, and J1 is the internal coefficient of friction. For the contact geometry typical for 
the present study, both stresses involved decrease roughly as 11r where r is the distance from the 
contact spot. The combination of this result with the strength gradient existing in the subsurface 
results in a critical depth below which the cracks will propagate faster. This simple model was 
originally derived for brittle materials with preexisting cracks. In two other papers [152,155] it 
was developed further to cover the behavior of ductile materials, which do not form cracks easily. 
Instead of a crack, the existence of a shear instability region where shear plastic deformation occurs 
preferentially was postulated. 
An alternative approach was used by Alpas et al. [91] to study the damage accumulation in 
very ductile materials (pure copper). They based their method on the results of Rice and Tracey 
[156] for the enlargement of voids in triaxial stress fields. According to this analysis, the rate of 
voids enlargement can be described by the relationship: 
D(z) = [ r + 0.558 Sinh(! ~;~?) }(Z)D(Z) (8.25) 
\ G(z) , 
where G(z) is the growth factor, ris a constant between 1 and 2, D(z}is the size of the void, Ujif 
the flow stress of the material, Urn is the hydrostatic component of the applied stress and e is the 
strain rate. All of these are functions of the depth below the surface z. In the plastically deformed 
region, the applied stress at a point, Ue, must be equal to the flow stress of the material uf. As 
stated earlier, at any given time of contact, the plastically deformed regions are far from each other, 
and the state of stress within each region is assumed independent of the state of stress in the rest of 
the subsurface. Therefore, at a point within the region, the stresses Ue and Urn will be both linearly 
proportional to the surface pressure p applied over the contact strip of width (2a). The ratio u,,/ue 
is not a function of p and depends only on the relative position (xla, zla) of that point with respect 
to the center of the contact strip. A plot of the growth factor as a function of z for two positions on 
the surface is shown in Fig. 8.8. The values of ue and Urn are calculated as: 
(8.26) 
(8.27) 
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where the stresses (fu are calculated with the aid of Eqs. (6.2)-(6.8). The plot shows that the 
growth factor directly under the contact, where the plastic deformation is the highest, decreases 
sharply close to the surface. Away from the contact this behavior is reversed - the factor increases 
toward the surface. 
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Fig. 8.8 - Damage growth factor as a function of relative depth below the surface 
Equation (8.25) can be combined with Eq. (6.20) to give the void enlargement rate as a 
function of the applied stress. This results in the followin~ equation: 
1 
D(z) = [ r + 0.558 Sinh( l~) }o[ CT~~z) In(zl D{z) (8.28) 
, G(z) , 
Note that the strain rate sensitivity factor n depends on the strain and, therefore, on the 
depth below the surface. The above relationship:can be normalized with respect to the critical 
depth Zc where the damage is accumulated the fastest. For the same size preexisting void D(z), the 
relative likelihood for damage accumulation as a function of depth will be given as: 
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(8.29) 
As discussed in Section 6.3, there are insufficient data to obtain the functional relationship 
between nand e and, consequently, between nand z. For the purpose of a qualitative illustration, 
similar to the approach taken in Section 6.3, this functional relationship is substituted by the depth 
dependence of the yield strength 0'0 on z, while n is assumed constant. The yield strength 0'0 in 
Eq. (8.29) is approximated by H/3. The functional dependence H = H(z) is taken from the 
literature [92]. This leads to Eq. (8.30) which plot is given in Fig. 8.9. 
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(8.30) 
20 
The results in Fig. 8.9 are again a qualitative illustration. In addition, Eq. (8.25) can be 
applied only for very ductile materials. It is also unclear how the dynamic recrystallization will 
affect the enlargement of voids. 
Another illustration of the damage accumulation process in the subsurface is given in Fig. 
8.10. It combines the data from Fig. 8.9 with an arbitrary plot for plastic strain accumulation, 
resembling qualitatively the data presented in Section 4.3. These two outline the boundaries of the 
critical zone in which cracks are the most likely to initiate and propagate to failure. Both the critical 
strain at which cracks and/or voids are assumed to initiate and the values for the plastic strain at 
various depths are chosen arbitrarily for the purpose of a qualitative illustration. Figure 8.10 also 
provides an illustration of the distance he the material has to travel in order to leave the critical zone. 
The presence of a transformed layer is not taken into account in this illustration. 
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8.7 Total Life to Failure 
Combining equations (8.15) and (8.23) gives the total time necessary to initiate and 
propagate a crack to failure. 
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( EiiHE ) 1 (hHac) 1 td = ti + tp = KP/JLEi PV + rpKlla PV (8.31) 
For scuffing. the above sum must be larger than the time necessary for the most damaged 
material to leave the zone where the conditions are the most severe. Let he be the vertical distance. 
relative to the surface. which this material has to travel in order to leave the critical zone. Then the 
critical time will be given as th = he/h. Substitution of this expression and equation (8.31) in 
equation (8.1) yields the final form of the simplified criterion for scuffing: 
or 
( EehHE )_1_+( hHae )_1_ < he KPPI.Ei PV rpKM PV - it 
PV> Hhit( EeE +....EL) 
- Khe p PI. Ei rplla 
(8.32) 
(8.33) 
The above equation incorporates the effects of temperature. material properties. contact of 
rough surfaces and time. The effect of temperature is incl~ded indirectly in the values of I. ei and 
M. Note that they are both functions of P. but the relationships are non-linear and quite 
complex. 
I. Ei = j(p) and M = j(p) (8.34) 
When the temperature is increased I. Ei and M will also increase for the same value of p. 
The material properties are taken into account in several of the parameters given in Eq. 
(8.33). The critical strain Ec and critical crack length ae are clearly material properties. However. 
the relationships (8.34) are also influenced by the material properties. Parameters such as the yield 
strength of the material at the given temperature. the ability of the material to strain-harden. and the 
sensitivity to strain rate are included in Eq. (8.34). The parameters p and P characterize the 
contact of the surfaces. The latter are influenced by the surface roughness. presence of soft films 
and/or lubricant. If all the parameters on the right-hand side of Eq. (8.32) are constant this 
equation will produce the experimentally observed PV = const curve. However. the parameters 
included in Eq. (8.33) are not easy to obtain experimentally. There are insufficient data to verify 
the predictions of Eq. (8.33) directly. Data for the critical strain. the average crack extension per 
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cycle and the critical crack length are not available. Clearly, further research for materials 
characterization is necessary. 
Using Archard's law, the substitution it = KPVjH can be made. Then equation (8.33) can 
be further simplified to provide a relationship which can be used as a scuffing criterion at the given 
PV. 
(8.35) 
8.8 Explanation of the Experimentally Observed Phenomena 
The proposed criterion can explain the experimentally observed phenomena in this study. 
However, at the present state of our knowledge, its application must be limited to the test 
conditions and experimental procedures used in this study. In principle it is not limited to dry 
sliding, nor to aluminum/steel contacts. However, the extension of its applicability must be based 
on additional experimentation. The explanation of the phenomena characterizing the scuffing 
process is given below. 
a. Effect of the material. 
Material properties playa central role in the proposed criterion. They determine the rate of 
damage accumulation and provide the critical levels of damage that can be tolerated. The response 
of the material to strain hardening and high strain rates is also included. 
b. PV = const relationship. 
Both the initiation tj and the propagation tp times, as a first approximation, are inversely 
proportional to the PV. The plastic strain accumulation is a very non-linear process. It is possible 
that most of the strain will be accumulated early in the contact which makes this process insensitive 
to the duration of the contact. On the other hand, the average strain in the subsurface is 
proportional to the number of contacts per unit time. This is the reason why the initiation time is 
often inversely proportional to the PV. The propagation time is inversely proportional to the PV 
because the number of loading cycles is determined by the PV. In ductile materials most of the life 
to failure is probably taken by the initiation process. Conversely, more brittle materials may form 
cracks early in the process of scuffing, while most of the time to failure is taken by crack 
propagation. 
c. Deviations from the PV = const relationship. 
The PV product is proportional to the number of loading cycles. Therefore, failure at a 
constant PV indicates constant damage accumulation per loading cycle. The amount of damage per 
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cycle is determined by complex relationships between the local stresses, temperatures, and material 
properties and may not always be constant. In the scuffing criterion this is accounted for by the 
parameters L Ej and M, which are indirectly dependent on the PV through the duration of the 
loading cycle and the local (flash) temperature. If this dependence is weak, failure will occur at 
PV = const. However, if the dependence of these parameters on the PV is stronger the amount of 
subsurface damage per cycle will not be constant, and deviations from the PV = const curve will 
occur. 
d. Temperature dependence. 
Both the amount of accumulated plastic strain and the crack extension per cycle are 
functions of temperature. The flow stress of the material decreases with temperature which results 
in increased plastic deformation. The crack growth rate also increases with temperature. The 
temperature dependence is indirectly included in the functional relationships between the 
parameters L Ej, M and the equivalent stress Ue • 
e. Size effects. 
The proposed criterion does not require constant bulk or surface temperature at scuffmg. 
The scuffing condition is related both to the local material properties which are dependent on 
temperature, but also on the number of loading cycles which do not have a direct relation to 
temperature. Hence, this criterion does not have difficulties dealing with different size specimens 
because it is not associated with a critical temperature condition. 
f. Time effects. 
The time effects can also be explained because the proposed criterion is based on a damage 
accumulation model. The criterion is built by comparing the times for crack initiation tj and 
propagation tp to the time th the material is within a critical zone of fastest damage accumulation. 
Hence, the time effects are intrinsic to the criterion. 
g. Effect of the loading history. 
The criterion is based on damage accumulation. Hence, in principle, it can explain the 
loading history effects. However, a more complicated expression for the criterion involving the 
sum of the damage accumulated in each period must be used. A rule for damage accumulation 
must also be chosen. The ability of the material to withstand much higher PVs in a stepwise 
loading is explained through the parameters p and /3, characterizing the distribution of surface 
pressures and contact areas. Note that these parameters will not be the same for a stepwise and 
immediate loading conditions because the initial low loading steps help the formation of protective 
films. Initial smoothening of the contact surfaces may also occur. These effects, however, may 
not be the primary reason for the effect of the loading history. Another factor, which is the 
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dynamics of the transformed layer formation, may be more important. A relatively thick 
transformed layer may "shield" the material below it from the high contact pressures and tangential 
tractions. Such a thick transformed layer can be formed during the lower load steps. The 
dynamics of the formation of transformed layers is not included in the scuffing criterion, which is 
one of its major disadvantages. 
h. Effect of the environment 
The presence of R134 a results in the generation of solid lubricants on the surface of the 
specimens. The effect of these lubricants is to reduce p and to increase {3. This leads to lower 
subsurface strain rates. The process of strain accumulation becomes less non-linear and the 
supposition that most of the strain is accumulated in the beginning of the contact period is no 
longer true. Strain accumulation becomes dependent on the duration of the contact periods. Since 
the duration of the loading cycles is longer at higher pressures (Fig. 8.7), the conditions of the 
high pressure end of the PV curve will be more detrimental. 
8.9 Summary 
The existing hypotheses for scuffing cannot explain some of the phenomena observed at 
scuffing and contradict some of the experimental data. A new hypothesis for scuffing is proposed 
which overcomes some of these difficulties. The hypothesis is a generalization of the critical strain 
and subsurface fatigue hypotheses. The derivation involves a series of simplifications for the 
initiation and propagation of cracks. The proposed hypothesis for scuffing is not limited to dry 
sliding conditions or to aluminum/steel contacts. However, further experimentation is necessary to 
validate its applicability outside of the range of experimental conditions used in this study. More 
experimentation is also necessary for the characterization of the local material response under 
sliding conditions. The major results obtained in this chapter can be summarized as follows: 
a. A new hypothesis for scuffing is proposed. 
The new hypothesis suggests the following sequence of events leading to scuffmg: 
(1) Accumulation of plastic deformation in the subsurface. 
(2) Nucleation of cracks and voids. 
(3) Propagation of cracks. 
(4) Formation of cold welds. 
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b. A criterion for scuffing is derived. 
The criterion for scuffing is given as: 
( eiiHE )_1_ + ( hHac )_1_ < he Kfi!3'Le; PV cpKNi PV - it 
, , '---v---' '-v-' 
1; ~ ~ 
c. The criterion for scuffmg provides a qualitative explanation of the experimental results. 
The effects of the material, temperature, contact geometry, time, loading history, and type 
of environment can, in principle, be explained with the proposed criterion. 
d. The proposed criterion needs further experimental verification. 
The criterion for scuffmg cannot be verified quantitatively because many of the parameters 
characterizing the response of the material to stress, temperature, and high strain rate under sliding 
conditions are not available. Further experimentation for material characterization is necessary. 
e. The proposed hypothesis is not limited to dry sliding conditions and aluminum/steel 
contacts. 
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CHAPTER 9 
CONCLUSIONS 
Scuffing is a complex phenomenon, involving mechanical, thermal and chemical 
interactions between the contacting bodies, the environment, the lubricant, and other species found 
at the sliding interface. This is the reason why, in spite of the large number of investigations 
conducted in the last sixty years, this phenomenon is still poorly understood. Even the simpler 
case of scuffing under dry sliding conditions is very controversia1. While there is an agreement 
that the formation of large areas of bare metal and extensive adhesion are characteristic for the final 
stage of the process, the exact mechanisms leading to this condition are still debated. One of the 
least studied and understood aspects of scuffing is the mechanism of failure of the surface and/or 
subsurface material, which enables the formation of large adhesive bonds. The present study 
concentrates primarily on this aspect of the process. A new hypothesis and its corresponding 
criterion for scuffing are proposed. The proposed hypothesis is based on the experimental 
findings of this study and on several models describing surface mechanical and thermal 
interactions. Although, derived from the scuffing behavior of aluminum/steel contacts under dry 
sliding conditions, it is possible that this hypothesis has a wider applicability. 
9.1 Research Summary 
The present research focuses on two major goals. The first is to obtain a more complete set 
of experimental data for the scuffing behavior of several aluminum alloys. The second goal is to 
study the physics of the scuffing phenomenon, evaluate the existing hypotheses for scuffing and 
explore the prospective for a theoretical description of scuffing. The work conducted in this study 
to attain these goals is summarized below. 
a. Experimental studies. 
The experiments in this study are conducted in a specially designed tribometer, which 
allows accurate control of the environmental conditions. An area contact (two pins-on-disk) 
geometry is used to study scuffing. Three combinations of pin sizes and sliding radii are tested. 
Five materials are used for the pins. These are commercially pure aluminum 1100, die cast 
hypereutectic silicon-aluminum alloy (390-T6), extruded Bi-containing eutectic silicon-aluminum 
alloy (DHT-3), 1018 steel, and Si-Pb brass. These materials are slid under dry sliding conditions 
against 1018 carburized steel disks. The environment for the tests is either air, or R134a. Most of 
the tests are conducted at a constant sliding velocity, while the load is increased stepwise. 
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The instrumentation used to identify scuffing provides run-time records for the coefficient 
of friction, subsurface temperature, wear, electric contact resistance, and load history. Computer 
control of the test rig and specially developed software provide the desired load and velocity 
sequences. 
The mechanisms leading to scuffing under dry sliding conditions are studied by the 
examination of surfaces, subsurfaces and wear debris and by the quantitative measurements of the 
average subsurface plastic deformation and the thickness of surface layers. The surfaces of the 
specimens are examined by optical and electron microscopes and X-ray photoelectron 
spectroscopy. Microscopy is also used to study the generated wear debris and the subsurfaces of 
specimens undergoing scuffing. The chemical composition of the subsurfaces is studied with 
Auger electron spectroscopy. The subsurface plastic deformation is measured by testing 
specimens with brass inserts positioned perpendicular to the direction of motion. After the test, the 
specimens are cut parallel to the direction of sliding to reveal the deformation of the 
brass/aluminum interface. The results of the experimental studies can be summarized as follows: 
(1) Scuffing under dry sliding conditions is due to a subsurface failure. The processes leading 
to scuffing seem to involve the following events: 
(a) Accumulation of plastic deformation. 
(b) Formation of voids and cracks in the subsurface. 
(c) Coalescence of voids, propagation of subsurface cracks and removal of sections 
of the surface. 
(d) Unstable decrease of the load bearing area. 
(e) Removal of protective layers from most of the surface. 
(f) Formation of cold welds. 
(2) For the tests conducted in air, at a given environmental temperature, specified contact 
geometry and loading history, the contact pressure at scuffing decreases with the sliding 
velocity. For the 1100 and 390-T6 aluminum alloys this relationship can be expressed as 
PV = const . . This curve also represents a constant subsurface temperature condition at 
scuffing. The PV curves for steel and DHT-3 aluminum deviate from this hyperbolic 
relationship. For these materials, the PV at scuffing increases with the sliding velocity. 
From the three aluminum alloys tested, the 390-T6 aluminum showed the highest scuffing 
resistance. Steel has the highest scuffmg resistance of all the materials tested 
(3) The scuffing PVof 390-T6 AI decreases with the environmental temperature. The shape of 
the PV curve, however, remains the same. The effect of increasing the environmental 
temperature is to shift the curve downward. 
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(4) Scuffing is strongly system-dependent. Changes in the geometry of the test specimens lead 
to shifts of the PV curve. 
(5) Scuffing is a time-dependent phenomenon. Above a certain critical PV, the time to scuffing 
decreases with the PV. This suggests that scuffing occurs when a critical amount of 
damage is accumulated in the material. 
(6) The PVat which scuffing occurs depends on the previous loading history. The sudden 
application of the load is more detrimental than the stepwise loading. 
(7) The test environment affects scuffing. The scuffing PV of 390-T6 aluminum tested under 
R134a environment deviates significantly from the PV = const curve. At low sliding 
velocities, scuffing occurs at approximately the same P V as in air. At high sliding 
velocities scuffing occurs at considerably higher PVs than in air. The reason for this 
behavior is a chemical reaction between aluminum and R134a, which results in the 
formation of aluminum fluoride and PTFE-like polymers on the surface of the specimens. 
These act as solid lubricants. The wear rate and the subsurface plastic deformation are 
lower in R134a environment than in air. 
(8) The subsurfaces of specimens tested under dry sliding conditions have three characteristic 
regions. These are a layer of transformed material, a layer of plastically deformed material, 
and a layer of undisturbed material. The mechanisms for the formation of the transformed 
layer are oxidation, material transfer, compaction of fine wear particles, and plastic 
deformation. 
(9) At a constant PV, both the thickness of the transformed layer and the amount of plastic 
deformation increase with time until they reach equilibrium levels. The thickness of the 
transformed layer and the depth of the plastically deformed region increase with the pv. 
(10) For the tests conducted in air, the amount of accumulated plastic deformation increases with 
PV. It is constant for a wide range of P and V combinations, provided that their product 
remains constant. Under the same load and sliding velocity, the plastic deformation for the 
tests conducted in R134a environment is lower than the plastic deformation for the tests 
conducted in air. Under R134a the plastic deformation is not constant along the PV = 
const curve. It is a stronger function of the contact pressure. These results are based on 
experiments conducted with 390-T6 AI. 
b. Theoretical studies 
The main goal of the theoretical studies is to evaluate the existing hypotheses for scuffing 
and to construct a hypothesis and a criterion which can explain most of the experimentally obtained 
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results. The theoretical studies are based on a model for the contact of runned-in surfaces and on 
several models for subsurface stresses, temperatures, and strains. 
The problem of finding the local pressures and contact area distributions is solved by 
developing a model for the contact of runned-in surfaces. This model incorporates a finite element 
simulation of the contact of rough surfaces, statistical methods for the alignment of surface profiles 
and analytical correction factors for deviations from the infinite half-space approximation. 
The local subsurface stresses, temperatures and strains are estimated by applying several 
numerical methods. The stresses are calculated on the basis of the infinite half-space 
approximation and information about the surface pressures and areas of contact. The latter is 
provided by the finite element method for the contact of runned-in surfaces. The transient 
subsurface temperatures are calculated with the aid of a simple finite element model. The strains 
are obtained from a finite difference method and by inc'orporating empirical relationships from 
literature sources. 
With the aid of the experimental and theoretical results, several hypotheses for scuffing, 
applicable to sliding under dry conditions, are evaluated. These hypotheses are grouped according 
to their major assumptions. The frrst group of hypotheses relates scuffing to a critical temperature 
condition. The second postulates that scuffing occurs when the shear stress at a critical depth in 
the material exceeds the shear strength. The third relates scuffing to damage caused by extensive 
plastic deformation. The predictions of these hypotheses are compared to the experimental 
observations obtained in this study and to the results from models of surface interactions. 
The most promising hypotheses are combined and generalized in the proposed new 
hypothesis for scuffing. With the aid of several idealizations, this hypothesis is expressed in a 
scuffing criterion. The proposed scuffing criterion can explain qualitatively most of the 
experimental results. 
The major findings from the theoretical studies can be summarized as follows: 
(1) For the conditions of this study, the surface pressure distributions are characterized by few 
high pressure spikes far apart from each other. The real area of contact increases linearly 
with the applied load. The maximum and the average contact pressures are weak functions 
of the load. The maximum pressure initially increases slightly with the load and saturates at 
about 60% of the scuffing load. The average contact pressure is practically constant for the 
whole range of test loads. The size of the contact spots increases slowly with the load. 
However, a sharp increase in the size o(the contact spot occurs right before scuffing. 
Most of the spikes characteristic for the pressure distribution persist for one full revolution 
of the disk. However, some spikes may change magnitude, or have shorter duration. This 
illustrates the variability of the loading on a local basis and the presence of loading cycles. 
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(2) For the conditions of this study, the mechanical and the thermal parts of the solution for the 
subsurface stresses and temperatures can be decoupled. This is due to the small effect of 
flash temperatures, which are negligible compared to the bulk temperature. The low flash 
temperatures are the result of the relatively small heat fluxes and the small constriction 
thermal resistances, typical for the contact geometry used. The thermal gradients near the 
surface are higher than the gradients in the bulk. These, however, fail to produce 
significant temperature differences. The effect of increased flash temperature due to higher 
sliding velocity at the same PV is also small compared to the bulk temperature. 
(3) For aluminum, most of the strain accumulated in a contact period occurs early in the period. 
The total accumulated strain is a weak: function of the period's duration. If annealing and 
dynamic recrystallization occur between contacrs, the accumulated strain is a stronger 
function of the number of contact periods. The results for the strain accumulated in a single 
contact period cannot be generalized to account for multiple contacts due to the lack of 
information for the changes occuning in the material between contacts. 
(4) The hypotheses relating scuffing to a critical thermal condition are phenomenological in 
nature and do not provide an explanation for the mechanism of scuffing. These hypotheses 
consider a "static" state of the material and cannot explain time and load history effects. 
Block's flash temperature concept deviates from the experimentally observed data. The 
results from this study show that the surface temperature at scuffing is not a material 
property and cannot be used as a criterion. It is dependent on the geometry, the loading 
conditions, and the environment. The competitive oxide formation and destruction 
hypothesis is also phenomenological and in its present form cannot describe adequately the 
complex dynamics of protective films formation and destruction. However, if this 
dynamics is understood, this hypothesis has a strong potential to describe the events at 
scuffing. The thermoelastic instability hypotheses have difficulties explaining the effect of 
the mechanical properties of materials on scuffing. Its results correlate poorly with the 
experimental data. 
(5) The critical shear stress hypothesis is a pioneering approach relating for the first time 
scuffing to subsurface failure. However, it cannot explain the time and load history 
effects. Its criterion for subsurface failure is not satisfied for the results of this study. The 
shear stresses at the critical depths are nothigh enough to cause the predicted bulk shear 
failure. 
(6) None of the existing hypotheses and criteria for scuffing can explain adequately the 
experimental results and observations. The hypotheses relating scuffing to subsurface 
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plastic deformation and subsurface fatigue are the most promising. They are supported by 
the experimental results and by the observations of subsurfaces of specimens and wear 
debris. These hypotheses can explain the time effects based on damage accumulation. 
However, none of these have been developed in enough detail to serve as a scuffing 
criterion. In their present state, these hypothesis do not go beyond phenomenological 
correlations. There is no single hypothesis which combines the effects of subsurface 
plastic deformation and subsurface fatigue. 
(7) The proposed hypothesis for scuffing can provide a qualitative explanation of the 
experimental results. This includes the effects of the material, temperature, contact 
geometry, time, loading history, and type of environment. At the present time this 
hypothesis cannot be verified quantitatively because many of the parameters characterizing 
the response of the material to stress, temperature, and high strain rate under sliding 
conditions are not available. Further experimentation for material characterization is 
necessary. 
9.2 Major Accomplishments of the Present Study 
Several accomplishments of this study contribute to a better understanding of the scuffing 
phenomenon. Contributions are made in the experimental study of scuffing, in the accumulation of 
phenomenological test data, and in the theoretical description of scuffing. These are discussed in 
more detail below. 
a. Development of a new hypothesis for scuffing 
The most important accomplishment of this study is the development of a new hypothesis 
for scuffing and its corresponding criterion. In this hypothesis, scuffing is related for the first time 
to the initiation and propagation of deep subsurface cracks. The observations of subsurfaces of 
specimens undergoing scuffing provide the proof that these cracks are present before the final 
adhesive phase of the scuffing process. However, they do not form at PY's lower than the 
scuffing PV. This suggests the existence of a strong relationship between scuffing and deep 
subsurface fatigue. The proposed hypothesis also provides an explanation of the existence of 
several stages of the scuffing process. These stages are associated with the initiation and 
propagation of subsurface cracks. The gradual r~moval of whole sections of the load-bearing 
surface before the final adhesive stage is also a new finding. This mechanism provides the 
explanation for the unstable and catastrophic growth of the areas of bare metal, leading to the final 
stage of scuffing. 
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The proposed hypothesis suggests the following sequence of events leading to scuffing: 
(1) Accumulation of plastic deformation in the subsurface. 
(2) Nucleation of cracks and voids 
(3) Coalescence of voids and propagation of cracks. 
(4) Formation of cold welds. 
The criterion for scuffing is given as: 
( echHE )_1_ + ( hHac )_1_ < he KjJfT£ei PV cpKNi PV - it 
, , '-v--" ~ 
~ ~ ~ 
where ti and tp ate the times for initiation and propagation of deep subsurface cracks and th is the 
time the material is within the critical zone of fastest damage accumulation. 
The proposed hypothesis is based on the experimental data from this study. However, it 
may have a wider applicability. There are some indications that subsurface fatigue is the 
mechanism responsible for scuffing under starved lubrication conditions. At the very least, 
scuffing due to extensive subsurface plastic flow and fatigue is a possibility which must be 
considered for any sliding system where scuffing occurs. 
b. Reliable reproduction and identification of scuffing under laboratory conditions. 
The experimental data on scuffing reported in the literature are plagued by inconsistencies. 
These are partly due to the difficulties associated with the identification of scuffing under 
laboratory conditions. The contribution of this study to solving this problem is the development of 
a test setup in which the scuffing condition can be reproduced and identified reliably. This 
includes the development of a proper test procedure and the installation of special instrumentation. 
The major achievements in this respect are: 
(1) Simultaneous monitoring of friction, wear, temperature and electric contact resistance. 
(2) Installation of a high-accuracy contact resistance measurement circuit 
c. A more complete set of experimental data for the scuffing behavior of aluminum/steel 
contacts. 
The present study provides the most complete picture of the effect of various factors on the 
scuffing of aluminum. Some of these effects are investigated for the first time. In addition, data 
for the wear, bulk temperature, and heat partitioning at the interface are obtained. These provide a 
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better understanding of the conditions at scuffing. A summary of the contributions of this study to 
the experimental database on scuffing of aluminum is given below: 
(1) The scuffing behavior of a Bi-containing aluminum alloy is studied for the first time 
(2) The effect of the specimens size is studied for the first time 
(3) Quantitative data for the time and loading history effects on scuffmg are obtained 
(4) The effect of the refrigerant environment is studied for the first time 
(5) A more complete set of data for the scuffmg of 390 AI is obtained 
d. Development of a model for the contact of runned-in surfaces 
Finite elements methods for rough surfaces interactions and methods for statistical 
alignments of surface profiles are both well known and described in detail in the literature. 
However, there are no reports for the combined use of these methods. Their simultaneous use 
opens the possibility to solve the problem for the contact of runned-in surfaces. Several minor 
improvements to the existing methods are also made. The most important among these is the 
simpler and better method to make corrections for edge effects. 
e. Strain-rate and non-linear strain accumulation effects 
The equilibrium stress-strain curves reported in the literature fail to explain the 
accumulation of plastic deformation on a local basis, especially close to the surface. On the other 
hand, the predictions of the simple model based on strain sensitivity, developed in this study, are at 
least qualitatively correct. This points to the importance of the strain rate effects. These have not 
been discussed previously in the studies related to sliding contacts. 
Due to the strain rate effects, the accumulation of plastic deformation is strongly non-linear. 
This non-linearity results in a weak dependence of strain on the duration of the contact period. 
This helps to explain the experimentally observed constant average subsurface plastic deformation 
along the PV = const curve. 
9.3 Recommendations for Future Research 
The present study addresses few of the problems associated with scuffing. The more 
general picture of this process is clearly incomplete. Three possibilities for future research in the 
area of scuffmg of materials are discussed below.. 
a. Local response of materials to high stress, temperature and strain rate. 
It seems that the major missing piece of information characterizing scuffing under dry 
sliding conditions is the response of materials under conditions of high stress, temperature, and 
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strain rate. This includes the development of plastic deformation on a local basis, mechanisms for 
crack initiation, and crack growth rates. Continuum mechanics of materials and conventional 
fracture mechanics may fail to provide these answers. It seems that local stress and strain 
concentrations and other micro-mechanical considerations must be incorporated in the future 
models. The question of the critical depth of damage accumulation is also a possibility for future 
research. 
b. Study of the dynamics of surface films formation and destruction. 
All the present models for the formation of protective ftlms on contact surfaces are based on 
static oxidation or other static chemical reaction rates. The effects of material transfer, debris 
accumulation and plastic deformation are only qualitatively recognized. There aren't any theoretical 
models of these processes. The experimental study of these processes is also in a very early stage. 
The effect of macroscopic parameters such as sliding velocity, contact pressure and temperature on 
the rates of formation of these ftlms has not been studied sufficiently even on a phenomenological 
level. Clearly, this represents a vast area for future research. 
c. Study of the more general case of scuffing under lubricated conditions. 
The present study addresses the simpler problem of scuffing under dry sliding conditions. 
The general problem of scuffing under lubricated conditions is far more complex and less 
understood. The mechanisms of material failure at scuffing under lubricated conditions is a 
problem which has not been addressed. The effect of the lubricant on the thermal state of the 
surface is largely unknown. The local load-shearing mechanisms between the lubricant and the 
asperities and the ability of the lubricant to distribute the load more evenly over the apparent area of 
contact are also poorly understood. These are just a few of the problems which must be addressed 
in the future studies associated with the general case of scuffing under lubricated conditions. 
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